
(12) United States Patent 
Linton et al. 

USOO9134459B2 

US 9,134.459 B2 
Sep. 15, 2015 

(10) Patent No.: 
(45) Date of Patent: 

(54) OPTICAL COMPONENT, PRODUCTS 
INCLUDING SAME, AND METHODS FOR 
MAKING SAME 

(75) Inventors: John R. Linton, Concord, MA (US); 
Emily M. Squires, Littleton, MA (US); 
Rohit Modi, Waltham, MA (US); David 
Gildea, Watertown, MA (US) 

(73) Assignee: QD VISION, INC., Lexington, MA 
(US) 

Notice: (*) Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 179 days. 

(21) 

(22) 

Appl. No.: 13/448,079 

Filed: Apr. 16, 2012 

(65) Prior Publication Data 

US 2012/0313075A1 Dec. 13, 2012 

Related U.S. Application Data 
(63) Continuation of application No. 

PCT/US2010/053073, filed on Oct. 18, 2010. 

Provisional application No. 61/252,658, filed on Oct. 
17, 2009, provisional application No. 61/252,743, 
filed on Oct. 19, 2009, provisional application No. 
61/291,072, filed on Dec. 30, 2009. 

(60) 

Int. C. 
HOIL 29/06 
HOIL 3L/00 
GO2B I/00 
U.S. C. 
CPC ......... G02B I/002 (2013.01); Y10T 428/24876 

(2015.01) 

(51) 
(2006.01) 
(2006.01) 
(2006.01) 

(52) 

Field of Classification Search 
CPC ..................... H01L 51/502; H01L 31/035218; 

H01L 31/03845; H01L 2251/5384: GO2B 
1 FOO2 

(58) 

USPC ............................................................ 257/13 
IPC ........................................................ GO2B 1/OO2 
See application file for complete search history. 

(56) References Cited 

U.S. PATENT DOCUMENTS 

5, 199,098 A 
5,885.482 A * 

3, 1993 Nolan et al. 
3/1999 Asaoka et al. ........... 252,299.01 

(Continued) 

FOREIGN PATENT DOCUMENTS 

CN 100435016 C 11, 2008 
JP 2003.138233. A 5, 2003 

(Continued) 
OTHER PUBLICATIONS 

1 Office Action in counterpart Chinese Patent ApplicationNo. 2010 
800469 12.2, mailed Dec. 26, 2013. (Chinese). 

(Continued) 

Primary Examiner — William D Coleman 

(57) ABSTRACT 

An optical component is disclosed that comprises a first Sub 
Strate, an optical material comprising quantum confined 
semiconductor nanoparticles disposed over a predetermined 
region of a first Surface of the first Substrate, a layer compris 
ing an adhesive material disposed over the optical material 
and any portion of the first surface of the first substrate not 
covered by the optical material, and a second Substrate dis 
posed over the layer comprising an adhesive material, 
wherein the first and second substrates are sealed together. In 
certain embodiments, the optical component further includes 
a second optical material comprising quantum confined semi 
conductor nanoparticles disposed between the layer compris 
ing the adhesive material and the second substrate. Method 
are also disclosed. Also disclosed are products including the 
optical component. 
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1. 

OPTICAL COMPONENT, PRODUCTS 
INCLUDING SAME, AND METHODS FOR 

MAKING SAME 

This application is a continuation of commonly owned 
International Application No. PCT/US2010/053073 filed 18 
Oct. 2010, which was published in the English language as 
PCT Publication No. WO 2011/047385 A1 on 21 Apr. 2011, 
which International Application claims priority to U.S. Appli 
cation Nos. 61/252,658 filed 17 Oct. 2009, 61/252,743 filed 
19 Oct. 2009, and 61/291,072 filed 30 Dec. 2009. Each of the 
foregoing is hereby incorporated herein by reference in its 
entirety. 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates to the technical field of opti 
cal components, products including same, and related meth 
ods, and more particularly to optical components including 
nanoparticles, products including same, and related methods. 

SUMMARY OF THE INVENTION 

The present invention relates to an optical component 
including nanoparticles, a process for making an optical com 
ponent including nanoparticles, and products including an 
optical component including nanoparticles. 

In accordance with one aspect of the present invention, 
there is provided an optical component comprising a first 
Substrate, an optical material comprising quantum confined 
semiconductor nanoparticles disposed over a predetermined 
region of a first surface of the first substrate, a layer compris 
ing an adhesive material disposed over the optical material 
and any portion of the first surface of the first substrate not 
covered by the optical material, and a second substrate dis 
posed over the layer comprising the adhesive material, 
wherein the first and second substrates are sealed together by 
the layer comprising the adhesive material. 

In certain embodiments, the optical component can include 
an edge seal area between the perimeter of the predetermined 
region comprising optical material and the edges of the sealed 
structure, wherein the edge seal area includes no optical mate 
rial. 

In certain embodiments, the edge seal area can be substan 
tially uniform, and more preferably uniform, around the 
perimeter of the optical material. 

In certain embodiments, the optical component further 
includes a second optical material comprising quantum con 
fined semiconductor nanoparticles disposed between the 
layer comprising the adhesive material and the second Sub 
Strate. 

In certain embodiments, the first and second optical mate 
rials comprise predetermined arrangements that can be the 
same or different. 

In certain preferred embodiments, the second optical mate 
rial comprises an arrangement that is the same as the arrange 
ment of the first optical material disposed over the first pre 
determined region of the first surface of the first substrate. 

In certain preferred embodiments, the first and second opti 
cal materials are aligned one over the other. 

In preferred embodiments, the optical component further 
includes a second optical material comprising quantum con 
fined semiconductor nanoparticles disposed over a second 
predetermined region of a first surface of the second sub 
strate, and the layer comprising the adhesive material is dis 
posed between the optical materials on the first and second 
substrates and any portions of the first surface of the first 
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2 
substrate and first surface of the second substrate not covered 
by the optical materials. In certain of such embodiments, the 
predetermined regions are aligned one over the other. In cer 
tain preferred embodiments, the predetermined regions com 
pletely overlie each other. 

In certain embodiments, the optical component includes an 
edge seal area between the perimeter of the optical materials 
and the edges of the sealed structure wherein the edge seal 
area includes no optical material. In certain embodiments, the 
edge seal area can be substantially uniform, and more pref 
erably uniform, around the perimeter of the optical materials. 

In certain preferred embodiments, the edge seal areas of 
each of the substrates are aligned relative to each other in the 
sealed structure to overlie each other. 

In certain embodiments, at least one, and preferably both of 
the substrate surfaces between which an optical material and 
adhesive layer disposed are non-Smooth. In certain of Such 
embodiments, one or both of such substrate surfaces are tex 
tured. In certain of such embodiments, one or both of such 
Substrate Surfaces are roughened. In certain of Such embodi 
ments, one or both of such substrate Surfaces are etched. 

In certain preferred embodiments, one or both of such 
non-Smooth Substrate Surfaces has surface roughness (Ra 
arithmetic average profile roughness parameter) greater than 
1000 Angstroms. 

In certain embodiments, the non-Smooth area does not 
completely cover the substrate or substrates, but is patterned 
by Standard methods (such as masking or selective roughen 
ing, etching, texturizing, etc.). 

In certain embodiments, one or both of the substrate sur 
faces between which an optical material and adhesive are 
disposed are smooth (e.g., Ra is less than about 100 Ang 
stroms). In certain of Such embodiments, at least one, and 
preferably both of any such smooth substrate surfaces has a 
water contact angle at an air-substrate interface no greater 
than 40°, preferably no greater than 25°, and more preferably 
no greater than 15°. 

In certain embodiments, one or both of the substrates is at 
least 80% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 85% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 90% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 95% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 99% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent 

In certain embodiments, an optical material comprises one 
or more different types of quantum confined semiconductor 
nanoparticles (based on composition, structure and/or size or 
the nanoparticle), wherein each different type of quantum 
confined semiconductor nanoparticles emits light at predeter 
mined wavelength that can be the same or different from the 
predetermined wavelength emitted by any other type of quan 
tum confined semiconductor nanoparticles included in the 
optical material. The predetermined wavelengths are selected 
based on the intended end-use application for an optical com 
ponent. In certain embodiments including two or more dif 
ferent types of quantum confined semiconductor nanopar 
ticles, at least two of the types are capable of emitting light at 
a predetermined wavelength that is different from that emit 
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ted by at least one other type of quantum confined semicon 
ductor nanoparticles that may be included in the optical com 
ponent. 

In certain embodiments including two or more different 
types of quantum confined semiconductor nanoparticles that 
emit at different predetermined wavelengths, the different 
types of quantum confined semiconductor nanoparticles can 
be included in one or more different optical materials. 

In certain embodiments, for example, the predetermined 
wavelength can be in a range from about 470 nm to about 650 
nm, from about 580 nm to about 630 nm, from about 590 nm. 
to about 630 nm, from about 590 nm to about 630 nm, or from 
about 600 nm to about 620 nm, from about 600 to about 610, 
or from about 608 to about 618. 

In certain embodiments including two or more different 
optical materials, such different optical materials can, for 
example, be included as separate layers of a layered arrange 
ment and/or as separate features of a patterned layer. 

In certain embodiments, an optical component can include 
one or more separate layers comprising one or more optical 
materials. In certain embodiments, one or more of the sepa 
rate layers can comprise the same optical material. In certain 
embodiments, including more than one layer comprising 
optical material, not all of the layers comprise the same opti 
cal material. In certain embodiments, two or more of the 
layers can comprise optical materials that are not the same. In 
certain embodiments, each of the separate layers can com 
prise an optical material different from each of the other 
optical materials included in the other layers. 

In certain preferred embodiments, quantum confined semi 
conductor nanoparticles comprise semiconductor nanocrys 
tals. 

In certain embodiments, an optical material including 
quantum confined semiconductor nanoparticles has a Solid 
state quantum efficiency of at least 40%. 

In certain embodiments, an optical material comprises 
quantum confined semiconductor nanoparticles capable of 
emitting light in one or more predetermined spectral regions. 

In certain embodiments, an optical material further com 
prises a host material in which the quantum confined semi 
conductor nanoparticles are distributed. In certain embodi 
ments, quantum confined semiconductor nanoparticles are 
included in an optical material in an amount in a range from 
about 0.001 to about 5 weight percent of the weight of the host 
material. In certain embodiments, quantum confined semi 
conductor nanoparticles are included in an optical material in 
an amountina range from about 0.1 to about 3 weight percent 
of the weight of the host material. In certain embodiments, 
quantum confined semiconductor nanoparticles are included 
in an optical material in an amount in a range from about 0.5 
to about 3 weight percent of the weight of the host material. In 
certain embodiments, quantum confined semiconductor 
nanoparticles are included in an optical material in an amount 
in a range from about 0.1 to about 2 weight percent of the 
weight of the host material. In certain embodiments, quantum 
confined semiconductor nanoparticles are included in an opti 
cal material in an amount in a range from about 0.1 to about 
1 weight percent of the weight of the host material. In certain 
embodiments, quantum confined semiconductor nanopar 
ticles are included in an optical material in an amount in a 
range from about 0.1 to about 0.75 weight percent of the 
weight of the host material. 

In certain embodiments of an optical material further 
including a host material, quantum confined semiconductor 
nanoparticles can be included in an optical material in an 
amount greater than about 5 weight percent of the host mate 
rial. For example, the optical material can include from about 
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4 
5 to about 20 weight percent quantum confined semiconduc 
tor nanoparticles based on the weight of the host material; the 
optical material can include from about 5 to about 15 weight 
percent quantum confined semiconductor nanoparticles 
based on the weight of the host material, the optical material 
can include from about 5 to about 10 weight percent quantum 
confined semiconductor nanoparticles based on the weight of 
the host material, etc. 

Other concentrations of quantum confined semiconductor 
nanoparticles in an optical material outside of the above 
ranges may also be determined to be useful or desirable. 

In certain embodiments, an optical material further com 
prises light scatterers. 

In certain embodiments, the light scatterers comprise light 
scattering particles. In certain embodiments, light scattering 
particles are included in an optical material in an amount in a 
range from about 0.001 to about 5 weight percent of the 
weight of the host material. In certain embodiments, light 
scattering particles are included in an optical material in an 
amount in a range from about 0.5 to about 3 weight percent of 
the weight of the host material. In certain embodiments, light 
scattering particles are included in an optical material in an 
amount in a range from about 1 to about 3 weight percent of 
the weight of the host material. In certain embodiments, light 
scattering particles are included in an optical material in an 
amount in a range from about 1 to about 2 weight percent of 
the weight of the host material. In certain embodiments, light 
scattering particles are included in an optical material in an 
amount in a range from about 0.1 to about 1 weight percent of 
the weight of the host material. In certain embodiments, light 
scattering particles are included in an optical material in an 
amount in a range from about 0.05 to about 1 weight percent 
of the weight of the host material. 

In certain embodiments, light scattering particles are 
included in the optical material in an amount greater than 
about 5 weight percent of the host material. For example, the 
optical material can include from about 5 to about 20 weight 
percent light scattering particles based on the weight of the 
host material; the optical material can include from about 5 to 
about 15 weight percent light scattering particles based on the 
weight of the host material, the optical material can include 
from about 5 to about 10 weight percent light scattering 
particles based on the weight of the host material, etc. 

Other concentrations of light scattering particles in an opti 
cal material outside of the above ranges may also be deter 
mined to be useful or desirable. 

In certain embodiments, an optical component can serve as 
a cover plate for the Solid state lighting device. 

In certain embodiments, one or both of the substrates is 
rigid. 

In certain embodiments, one or both of the substrates is 
flexible. 

In certain embodiments, at least one of the Substrates can 
comprises a light diffuser component of a lighting device. 

In certain embodiments, an optical material is disposed as 
one or more layers overa predetermined region of a surface of 
a Substrate. 

In certain embodiments, a layer including optical material 
including a host material has a thickness, for example, from 
about 0.1 micron to about 1 cm. In certain embodiments, a 
layer including optical material including a host material has 
a thickness from about 0.1 to about 200 microns. In certain 
embodiments, a layer including optical material including a 
host material has a thickness from about 10 to about 200 
microns. In certain embodiments, a layer including optical 
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material including a host material has a thickness from about 
30 to about 80 microns. Other thicknesses may be determined 
to be useful or desirable. 

In certain embodiments, quantum confined semiconductor 
nanoparticles included in an optical material are cadmium 
free. 

In certain embodiments, quantum confined semiconductor 
nanoparticles included in an optical material comprise a III-V 
semiconductor material. 

In certain embodiments, quantum confined semiconductor 
nanoparticles included in an optical material comprise a 
semiconductor nanocrystal including a core comprising a 
semiconductor material and an inorganic shell disposed on at 
least a portion of a surface of the core. 
An adhesive material included in an optical component 

described herein is preferably chosen for its optical transmis 
sion properties and its adhesion qualities. 

In certain preferred embodiments, an adhesive material is 
optically transparent to at least predetermined wavelengths of 
light passing into and out of the optical component. 

In certain embodiments, an adhesive material is at least 
80% optically transparent to at least predetermined wave 
lengths of light passing into and out of the optical component. 
In certain embodiments, an adhesive material is at least 85% 
optically transparent to at least predetermined wavelengths of 
light passing into and out of the optical component. In certain 
embodiments, an adhesive material is at least 90% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. In certain 
embodiments, an adhesive material is at least 95% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. In certain 
embodiments, an adhesive material is at least 99% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. 

In certain preferred embodiments, the adhesive material 
does not yellow or discolor during sealing. More preferably, 
the adhesive material does not yellow or discolor during the 
useful lifetime of the optical component so as to Substantially 
alter the optical properties of the optical component. 

In certain preferred embodiments, an adhesive material has 
adequate adhesive properties to seal the Substrates of the 
optical component together. More preferably, the seal will not 
partially or fully delaminate or otherwise fail during the use 
ful lifetime of the optical component. 

In certain preferred embodiments, the properties of an 
adhesive material will have minimal impact on the solid state 
photoluminescent quantum efficiency of an optical material. 

In certain preferred embodiments, an adhesive material 
further has oxygen barrier properties. 

In certain preferred embodiments, an adhesive material 
further has oxygen and moisture barrier properties. 

In certain preferred embodiments, an adhesive material can 
be hardened (e.g., cured or dried) under conditions that are 
not detrimental to an optical material and the external quan 
tum efficiency of an optical material, Preferably an adhesive 
material can be UV cured. 

In certain preferred embodiments, an adhesive material has 
a viscosity Such that, during formation of the layer, the adhe 
sive material remains as a mound after it has been dispensed 
on an optical material, with minimal slumping. This viscosity 
characteristic facilitates achieving an optical component in 
which the materials between the substrates are substantially 
free, and preferably free, of air bubbles observable by the 
naked eye. A preferred adhesive material is a UV curable 
acrylic urethane. Examples of UV curable acrylic urethanes 
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include products sold by Norland Adhesives called Norland 
Optical Adhesive 68 and Norland Optical Adhesive 68 T. 

In certain embodiments, the adhesive material can com 
prise a pressure sensitive adhesive. 

In certain embodiments, the optical component can further 
include one or more separate barrier layers. A barrier material 
is a material that is substantially impervious to oxygen. In 
certain embodiments, a barrier layer is Substantially impervi 
ous to oxygen and water. Inclusion of a separate barrier layer 
overan optical material may be desirable in embodiments that 
include an adhesive material that does not possess oxygen 
barrier properties. 

Optionally, additional materials can be included in the 
component. In certain embodiments, such materials can be 
included as additional layers. In certain embodiments, such 
materials can be included in an optical material and/or in the 
layer comprising adhesive material. 

In certain embodiments, a layer can include one or more 
Sublayers. 

In certain embodiments, the optical component is useful 
with a light Source. 

In certain embodiments, an optical material can alter all or 
a portion of the light output of the light source in at least one 
spectral regions. 

In certain embodiments, an optical material can Supple 
ment the light output of the light source in at least one spectral 
regions. 

In certain embodiments, an optical material can alter all or 
substantially all of the light output of the light source in at 
least one spectral regions. 

In accordance with one aspect of the present invention, 
there is provided a lighting device comprising a light source, 
and an optical component described herein that is positioned 
to receive at least a portion of the light generated by the light 
Source, the optical component comprising the optical com 
ponent taught herein. 

In certain embodiments, the lighting device can include 
two or more different optical components in a stacked 
arrangement, at least one of which comprises an optical com 
ponent in accordance with the invention. 

In certain preferred embodiments, the optical component is 
not in direct contact with the light source. 

In certain preferred embodiments, the temperature at the 
location of the nanoparticles in the light emitting device dur 
ing operation is 90° C. or less. 

In certain preferred embodiments, the lighting device com 
prises a solid state lighting device that includes a Solid State 
light source. Preferred examples of solid state light sources 
include semiconductor light emitting diodes (LEDs), which 
may further optionally include a luminescent color conver 
sion material between the LED and the optical component. 

Examples of other light sources described herein can be 
useful with the lighting device of the invention. 

In accordance with another aspect of the present invention, 
there is provided a lighting fixture adapted to receive one or 
more light Sources, wherein the fixture includes an optical 
component described herein that is positioned in the fixture 
relative to the position for the one or more light sources Such 
that at least a portion of the light generated by the light source 
passes into the optical component before being emitted from 
the fixture, wherein the optical component comprises an opti 
cal component taught herein. 

In certain embodiments, the lighting fixture can include 
two or more different optical components in a stacked 
arrangement, at least one of which comprises an optical com 
ponent in accordance with the invention. 
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In accordance with a further aspect of the present inven 
tion, there is provided a cover plate adapted for attachment to 
a lighting fixture, the cover plate comprising an optical com 
ponent taught herein. 

In accordance with another aspect of the present invention, 
there is provided a method for preparing an optical compo 
nent, wherein the method comprises: depositing an optical 
material comprising quantum confined semiconductor nano 
particles over a predetermined region of a first Surface of a 
first Substrate; forming a layer comprising an adhesive mate 
rial over the optical material and any portion of the first 
surface of the first substrate that is not covered by the optical 
material; positioning a second Substrate over the layer com 
prising an adhesive material; and sealing the Substrates 
together. 

In certain embodiments, the optical component is formed 
to include an edge seal area between the perimeter of the 
optical materials and the edges of the sealed structure wherein 
the edge seal area includes no optical material. In certain 
embodiments, the edge seal area can be substantially uni 
form, and more preferably uniform, around the perimeter of 
the optical materials. 

In certain preferred embodiments, the edge seal areas of 
each of the substrates are aligned relative to each other in the 
sealed structure to overlie each other. 

In certain preferred embodiments, one or both of such 
non-Smooth Substrate surfaces has surface roughness (Ra 
arithmetic average profile roughness parameter) greater than 
1000 Angstroms. 

In certain embodiments, the non-Smooth area does not 
completely cover the substrate or substrates, but is patterned 
by standard methods (such as masking or selective roughen 
ing, etching, texturizing, etc.). 

In certain embodiments, one or both of the substrate sur 
faces between which an optical material and adhesive are 
disposed are Smooth. In certain of such embodiments, at least 
one, and preferably both of any such smooth substrate sur 
faces has a water contact angle at an air-substrate interface no 
greater than 40°, preferably no greater than 25°, and more 
preferably no greater than 15°. 

In certain embodiments, the method for preparing the opti 
cal component can comprise depositing optical material com 
prising quantum confined semiconductor nanoparticles over 
a plurality of predetermined regions of a first surface of a first 
Substrate; forming a layer comprising an adhesive material 
over the optical material and any portion of the first surface of 
the first substrate not covered by the optical material; posi 
tioning a second Substrate over the layer comprising an adhe 
sive material; sealing the Substrates together to form a sealed 
structure; and separating individual optical components from 
the sealed structure, wherein an individual optical component 
corresponds to a portion of the sealed Substrate including a 
predetermined region including optical material. 

Separating individual optical components can be accom 
plished by water jet cutting, scoring, laser-cutting, or other 
techniques. 

In another embodiment, a method for preparing an optical 
components comprises providing a first Substrate including a 
predetermined region comprising an optical material dis 
posed over a first Surface thereat forming a layer comprising 
an adhesive material over the optical material and any portion 
of the first surface of the first substrate not covered by the 
optical material; positioning a second Substrate over the layer 
comprising an adhesive material; and sealing the Substrates 
together 

In certain embodiments, the method for preparing the opti 
cal component can comprise providing a first Substrate 
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8 
including plurality of predetermined regions comprising opti 
cal material disposed over a first surface of a first substrate; 
forming a layer comprising an adhesive material over the 
optical material and any portion of the first surface of the first 
Substrate not covered by the optical material; positioning a 
second Substrate over the layer comprising an adhesive mate 
rial; sealing the Substrates together to form a sealed structure; 
and separating individual optical components from the sealed 
structure, wherein an individual optical component corre 
sponds to a portion of the sealed Substrate including a prede 
termined region including optical material. 

Separating individual optical components can be accom 
plished by water jet cutting, scoring, laser-cutting, or other 
techniques. 

In certain embodiments, the individual optical components 
are formed to include an edge seal area between the perimeter 
of the optical materials and the edges of the sealed structure 
wherein the edge seal area includes no optical material. In 
certain embodiments, the edge seal area can be substantially 
uniform, and more preferably uniform, around the perimeter 
of the optical materials. 

In certain preferred embodiments, the edge seal areas of 
each of the substrates are aligned relative to each other in the 
sealed structure to overlie each other. 

In certain embodiments, the second Substrate includes a 
second optical material comprising quantum confined semi 
conductor nanoparticles disposed over one or more second 
predetermined regions of the surface thereof that will be 
internal to the optical component. (See FIG. 4A.) In certain 
embodiments, the predetermined region comprising the opti 
cal material and the second predetermined region comprising 
the second optical material is the same. In certain embodi 
ments, such regions are aligned to overlie each other in the 
sealed structure. 

In certain embodiments, the optical material and second 
optical material can comprise an optical material taught 
herein. In certain embodiments, one or more optical materials 
can be included as separate layers of a layered arrangement 
and/or as separate features of a patterned layer. 

In certain embodiments, an optical material can be depos 
ited as two or more separate layers. 

Optical materials, quantum confined semiconductor nano 
particles, Substrates, adhesive materials, and other optional 
features described herein are also useful in the present 
method. 

In certain embodiments, an optical material including 
quantum confined semiconductor nanoparticles is deposited 
as an ink comprising quantum confined semiconductor nano 
particles and a liquid vehicle. In certain preferred embodi 
ments, the liquid vehicle comprises a composition including 
one or more functional groups that are capable of being cross 
linked. The functional units can be cross-linked, for example, 
by UV treatment, thermal treatment, or another cross-linking 
technique readily ascertainable by a person of ordinary skill 
in a relevant art. In certain embodiments, the composition 
including one or more functional groups that are capable of 
being cross-linked can be the liquid vehicle itself. In certain 
embodiments, composition including one or more functional 
groups that are capable of being cross-linked can be a co 
Solvent. In certain embodiments, composition including one 
or more functional groups that are capable of being cross 
linked can be a component of a mixture with the liquid 
vehicle. In certain embodiments, the ink can further include 
light scatterers. 

In certain embodiments in which an optical material is 
deposited in an ink, the ink is hardened (e.g., by evaporation 
or drying of solvent, by curing, or other method appropriate 
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based upon the composition of the particular ink) prior to 
formation of the layer comprising an adhesive material. 

In certain embodiments, the ink hardening step can be 
carried out in air. 

In certain embodiments, the ink hardening step is prefer 
ably carried out in the absence of air. 

In certain embodiments, an optical material further com 
prises a host material. In certain of Such embodiments, the 
host material can comprise the liquid medium of the ink that 
is curable. In certain of Such embodiments, an optical mate 
rial is preferably cured prior to the formation of a subsequent 
layer thereover. 

In certain embodiments, the layer comprising an adhesive 
material is formed by depositing a predetermined amount of 
adhesive material on the optical material, positioning the 
second Substrate thereover, and applying pressure to the sec 
ond substrate to spread the adhesive material across the first 
Surface of the first Substrate (e.g., over the optical material and 
any portion of the first surface of the first substrate that is not 
covered by the optical material) to form a layer. The adhesive 
material is thereafter hardened to form the optical component. 

In fabricating an optical component, the amount of the 
adhesive material dispensed can be predetermined based 
upon the size of the area it is intended to cover and the desired 
thickness of the layer to be formed therefrom. In a preferred 
embodiment, an amount is used that will form a layer that 
fully covers the area between the first and second substrates 
and has a predetermined thickness when the Substrates are 
brought together, with very little extruded from between the 
Substrates. In certain embodiments, the layer has a thickness 
from about 20 to about 200 microns. Any excess extruded 
from between the substrates when they are brought together 
to form the optical component is preferably removed after the 
layer is hardened. Examples of Suitable removal techniques 
include cutting, Sanding, etc. Other Suitable techniques can be 
readily identified by one of ordinary skill in the relevant art. 

In certain embodiments, hardening comprises, curing or 
drying, the adhesive material, depending upon the hardening 
properties thereof. 

In certain preferred embodiments, the layer comprising 
adhesive material fully covers the area between the sub 
Strates. 

The foregoing, and other aspects and embodiments 
described herein all constitute embodiments of the present 
invention. 

Additional information concerning quantum confined 
semiconductor nanoparticles, light scatterers, host materials, 
Support elements, other features and elements of the forego 
ing, and other information useful with the present inventions 
is provided below. 

It should be appreciated by those persons having ordinary 
skill in the art(s) to which the present invention relates that 
any of the features described herein in respect of any particu 
lar aspect and/or embodiment of the present invention can be 
combined with one or more of any of the other features of any 
other aspects and/or embodiments of the present invention 
described herein, with modifications as appropriate to ensure 
compatibility of the combinations. Such combinations are 
considered to be part of the present invention contemplated 
by this disclosure. 

It is to be understood that both the foregoing general 
description and the following detailed description are exem 
plary and explanatory only and are not restrictive of the inven 
tion as claimed. Other embodiments will be apparent to those 
skilled in the art from consideration of the description and 
drawings, from the claims, and from practice of the invention 
disclosed herein. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings, 
FIG. 1 is a schematic drawing depicting an example of an 

outline of a flow diagram of an embodiment of a method in 
accordance with the invention. 

FIG. 2 is a schematic drawing, in cross-section, depicting 
an example of an embodiment of an optical component in 
accordance with the invention. 

FIG.3 depicts spectra to illustrate a method for measuring 
quantum efficiency. 

FIG. 4A is a schematic drawing depicting an example of an 
embodiment of an intermediate step in a method in accor 
dance with the invention for preparing an example of an 
embodiment of an optical component including an on optical 
material on a Surface of the second Substrate. 

FIG. 4B is a schematic drawing, in cross-section, depicting 
an example of an embodiment of an optical component 
including an optical material on the internal Surface of each 
substrate. 

FIG. 5 a schematic drawing depicting an example of a flow 
diagram of an embodiment of a method in accordance with 
the invention. 
The attached figures are simplified representations pre 

sented for purposes of illustration only; the actual structures 
may differ in numerous respects, particularly including the 
relative scale of the articles depicted and aspects thereof. 

For a better understanding to the present invention, 
together with other advantages and capabilities thereof, ref 
erence is made to the following disclosure and appended 
claims in connection with the above-described drawings. 

DETAILED DESCRIPTION OF THE INVENTION 

Various aspects and embodiments of the present inventions 
will be further described in the following detailed description. 

In accordance with one aspect of the present invention, 
there is provided an optical component comprising a first 
Substrate, an optical material comprising quantum confined 
semiconductor nanoparticles disposed over a predetermined 
region of a first Surface of the first Substrate, a layer compris 
ing an adhesive material disposed over the optical material 
and any portion of the first surface of the first substrate not 
covered by the optical material, and a second Substrate dis 
posed over the layer comprising an adhesive material, 
wherein the first and second substrates are sealed. 

FIG. 2 is a schematic drawing, in cross-section, depicting 
an example of an embodiment of an optical component in 
accordance with the invention. 

In certain embodiments, the optical component is formed 
to include an edge seal area between the perimeter of the 
optical materials and the edges of the sealed structure wherein 
the edge seal area includes no optical material. In certain 
embodiments, the edge seal area can be substantially uni 
form, and more preferably uniform, around the perimeter of 
the optical materials. 

In certain embodiments, the optical component further 
includes a second optical material comprising quantum con 
fined semiconductor nanoparticles disposed between the 
layer comprising the adhesive material and the second Sub 
Strate. 

In certain embodiments, the second optical material is dis 
posed over a second predetermined region of a first Surface of 
the second Substrate. 

In certain embodiments, the first and second optical mate 
rials can be included in the optical component in a predeter 
mined arrangement. In certain of Such embodiments, the first 
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and second optical materials can be included in predeter 
mined arrangements that are the same as each other (e.g., 
same size and same arrangement (e.g., same patterned 
arrangement, if patterned, or same unpatterned arrangement; 
however, the composition may or may not be the same). In 
certain embodiments, the predetermined arrangement of the 
optical material and the second predetermined arrangement 
of the second optical material are aligned relative to each 
other to overlie each other in the sealed structure. 
An example of an embodiment of an optical component 

including a second optical material on a surface of the second 
substrate is shown in cross-section in FIG. 4B. Quantum 
confined semiconductor nanoparticles can confine electrons 
and holes and have a photoluminescent property to absorb 
light and re-emit different wavelength light. Color character 
istics of emitted light from quantum confined semiconductor 
nanoparticles depend on the size of the quantum confined 
semiconductor nanoparticles and the chemical composition 
of the quantum confined semiconductor nanoparticles. 
Quantum confined semiconductor nanoparticles include at 

least one type of quantum confined semiconductor nanopar 
ticle with respect to chemical composition, structure, and 
size. The type(s) of quantum confined semiconductor nano 
particles included in an optical component in accordance with 
the invention are determined by the wavelength of light to be 
converted and the wavelengths of the desired light output. As 
discussed herein, quantum confined semiconductor nanopar 
ticles may or may not include a shell and/or a ligand on a 
Surface thereof. In certain embodiments, a shell and/or ligand 
can passivate quantum confined semiconductor nanoparticles 
to prevent agglomeration or aggregation to overcome the Van 
der Waals binding force between the nanoparticles. In certain 
embodiments, the ligand can comprise a material having an 
affinity for any host material in which a quantum confined 
semiconductor nanoparticle may be included. As discussed 
herein, in certain embodiments, a shell comprises an inor 
ganic shell. 

In certain embodiments, quantum confined semiconductor 
nanoparticles included in an optical material are cadmium 
free. 

In certain embodiments, quantum confined semiconductor 
nanoparticles included in an optical material comprise a III-V 
semiconductor material. 

In certain embodiments, quantum confined semiconductor 
nanoparticles included in an optical material comprise a 
semiconductor nanocrystal including a core comprising a 
semiconductor material and an inorganic shell disposed on at 
least a portion of a surface of the core. 
A quantum confined semiconductor nanoparticle may also 

be referred to herein by the abbreviation “QD”. 
In certain embodiments, an optical material includes one or 

more different types of quantum confined semiconductor 
nanoparticles (based on composition, structure and/or size), 
wherein each type is selected to obtain light having a prede 
termined color. 

In certain embodiments, optical material can comprise 
quantum confined semiconductor nanoparticles capable of 
emitting light in the orange to red spectral (e.g., from about 
575 nm to about 650 nm) region. 

In certain embodiments, optical material can comprise 
quantum confined semiconductor nanoparticles capable of 
emitting light in the red spectral region. 

In certain embodiments, optical material can comprise 
quantum confined semiconductor nanoparticles capable of 
emitting light in the orange spectral region. 
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In certain embodiments, optical material can comprise 

quantum confined semiconductor nanoparticles capable of 
emitting light in the cyan spectral region. 

In certain embodiments, optical material can comprise 
quantum confined semiconductor nanoparticles capable of 
emitting light in one or more other predetermined spectral 
regions. 

In certain preferred embodiments, the quantum confined 
semiconductor nanoparticles included in an optical material 
have a solution quantum yield, prior to inclusion in an optical 
material, of at least about 60%, preferably at least about 70%, 
more preferably at least about 80%, and most preferably at 
least about 85%. 

In certain embodiments, the optical component includes an 
optical material comprising one or more different types of 
quantum confined semiconductor nanoparticles (based on 
composition, structure and/or size or the nanoparticle), 
wherein each different type of quantum confined semicon 
ductor nanoparticles emits light at predetermined wavelength 
that can be the same or different from the predetermined 
wavelength emitted any other type of quantum confined semi 
conductor nanoparticles included in an optical material. The 
predetermined wavelengths are selected based on the 
intended end-use application for an optical component. In 
certain embodiments including two or more different types of 
quantum confined semiconductor nanoparticles, at least two 
of the types are capable of emitting light at a predetermined 
wavelength that is different from that emitted by at least one 
other type of quantum confined semiconductor nanoparticles 
that may be included in the optical component. 

In certain embodiments including two or more different 
types of quantum confined semiconductor nanoparticles that 
emit at different predetermined wavelengths, the different 
types of quantum confined semiconductor nanoparticles can 
be included in one or more different optical materials. 

In certain embodiments including two or more different 
types of quantum confined semiconductor nanoparticles that 
emit at different predetermined wavelengths, the different 
types of quantum confined semiconductor nanoparticles can 
be included in two or more different optical materials. 

In certain embodiments including two or more different 
optical materials, such different optical materials can, for 
example, be included as separate layers of a layered arrange 
ment and/or as separate features of a patterned layer. 

In certain embodiments, for example, the predetermined 
wavelength can be in a range from about 470 nm to about 650 
nm, from about 580 nm to about 630 nm, from about 590 nm. 
to about 630 nm, from about 590 nm to about 630 nm, or from 
about 600 nm to about 620 nm, from about 600 to about 610, 
or from about 608 to about 618. Other predetermined wave 
lengths may be determined to be useful or desirable. 

In certain preferred embodiments, quantum confined semi 
conductor nanoparticles comprise semiconductor nanocrys 
tals. 

In certain embodiments, the quantum confined semicon 
ductor nanoparticles in an optical material have a solid state 
photoluminescent quantum efficiency of at least 40%. In cer 
tain embodiments, the quantum confined semiconductor 
nanoparticles in an optical material have a solid State photo 
luminescent quantum efficiency of at least 50%. In certain 
embodiments, the quantum confined semiconductor nanopar 
ticles in an optical material have a solid state photolumines 
cent quantum efficiency of at least 60%. In certain embodi 
ments, the quantum confined semiconductor nanoparticles in 
an optical material have a solid state photoluminescent quan 
tum efficiency of at least 70%. In certain embodiments, the 
quantum confined semiconductor nanoparticles in an optical 
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material have a solid state photoluminescent quantum effi 
ciency of at least 80%. In certain embodiments, the quantum 
confined semiconductor nanoparticles in an optical material 
have a solid state photoluminescent quantum efficiency of at 
least 90%. 

In certain preferred embodiments, an optical material com 
prises quantum confined semiconductor nanoparticles 
capable of emitting red light. In other certain preferred 
embodiments, an optical material comprises quantum con 
fined semiconductor nanoparticles capable of emitting light 
in the orange to red spectral region. 

In certain embodiments, an optical material comprises 
quantum confined semiconductor nanoparticles distributed in 
a host material. 

In certain embodiments, an optical material further com 
prises a host material in which the quantum confined semi 
conductor nanoparticles are distributed. In certain embodi 
ments, quantum confined semiconductor nanoparticles are 
included in an optical material in an amount in a range from 
about 0.001 to about 5 weight percent of the weight of the host 
material. In certain embodiments, an optical material 
includes from about 0.1 to about 3 weight percent quantum 
confined semiconductor nanoparticles based on the weight of 
the host material. In certain embodiments, quantum confined 
semiconductor nanoparticles are included in an optical mate 
rial in an amount in a range from about 0.5 to about 3 weight 
percent of the weight of the host material. In certain embodi 
ments, quantum confined semiconductor nanoparticles are 
included in an optical material in an amount in a range from 
about 1 to about 3 weight percent of the weight of the host 
material. In certain embodiments, quantum confined semi 
conductor nanoparticles are included in an optical material in 
an amount in a range from about 1 to about 2 weight percent 
of the weight of the host material. In certain embodiments, 
quantum confined semiconductor nanoparticles are included 
in an optical material in an amount in a range from about 0.1 
to about 1 weight percent of the weight of the host material. In 
certain embodiments, quantum confined semiconductor 
nanoparticles are included in an optical material in an amount 
in a range from about 0.1 to about 0.75 weight percent of the 
weight of the host material 

In certain embodiments of an optical material further 
including a host material, quantum confined semiconductor 
nanoparticles can be included in an optical material in an 
amount greater than about 5 weight percent of the host mate 
rial. For example, the optical material can include from about 
5 to about 20 weight percent quantum confined semiconduc 
tor nanoparticles based on the weight of the host material; the 
optical material can include from about 5 to about 15 weight 
percent quantum confined semiconductor nanoparticles 
based on the weight of the host material, the optical material 
can include from about 5 to about 10 weight percent quantum 
confined semiconductor nanoparticles based on the weight of 
the host material, etc. 

Other concentrations of quantum confined semiconductor 
nanoparticles in an optical material outside of the above 
ranges may also be determined to be useful or desirable. 

Preferably, the host material comprises a solid host mate 
rial. Examples of a host material useful in various embodi 
ments and aspect of the inventions described herein include 
polymers, monomers, resins, binders, glasses, metal oxides, 
and other nonpolymeric materials. Preferred host materials 
include polymeric and non-polymeric materials that are opti 
cally transparent to predetermined wavelengths of light. 

In certain embodiments, a host material is at least 90% 
optically transparent to at least predetermined wavelengths of 
light passing into and out of the optical component. In certain 
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embodiments, a host material is at least 95% optically trans 
parent to at least predetermined wavelengths of light passing 
into and out of the optical component. In certain embodi 
ments, a host material is at least 99% optically transparent to 
at least predetermined wavelengths of light passing into and 
out of the optical component. 

In certain embodiments, the predetermined wavelengths 
can include wavelengths of light in the visible (e.g., 400-700 
nm) region of the electromagnetic spectrum. 

Preferred host materials include cross-linked polymers and 
Solvent-cast polymers. Examples of preferred host materials 
include, but are not limited to, glass or resin that is optically 
transparent to at least predetermined wavelengths of light. In 
particular, a resin Such as a non-curable resin, heat-curable 
resin, or photocurable resin is suitably used from the view 
point of processability. As specific examples of Such a resin, 
in the form of either an oligomer or a polymer, a melamine 
resin, a phenol resin, an alkyl resin, an epoxy resin, a poly 
urethane resin, a maleic resin, a polyamide resin, polymethyl 
methacrylate, polyacrylate, polycarbonate, polyvinyl alco 
hol, polyvinylpyrrolidone, hydroxyethylcellulose, car 
boxymethylcellulose, copolymers containing monomers 
forming these resins, and the like. Other suitable host mate 
rials can be identified by persons of ordinary skill in the 
relevant art. 

In certain embodiments and aspects of the inventions con 
templated by this disclosure, a host material comprises a 
photocurable resin. A photocurable resin may be a preferred 
host material in certain embodiments, e.g., embodiments in 
which the composition is to be patterned. As a photo-curable 
resin, a photo-polymerizable resin such as an acrylic acid or 
methacrylic acid based resin containing a reactive vinyl 
group, a photo-crosslinkable resin which generally contains a 
photo-sensitizer, Such as polyvinyl cinnamate, benzophe 
none, or the like may be used. A heat-curable resin may be 
used when the photo-sensitizer is not used. These resins may 
be used individually or in combination of two or more. 

In certain embodiments and aspects of the inventions con 
templated by this disclosure, a host material comprises a 
Solvent-cast resin. A polymer Such as a polyurethane resin, a 
maleic resin, a polyamide resin, polymethyl methacrylate, 
polyacrylate, polycarbonate, polyvinyl alcohol, Polyvi 
nylpyrrolidone, hydroxyethylcellulose, carboxymethylcellu 
lose, copolymers containing monomers forming these resins, 
and the like can be dissolved in solvents known to those 
skilled in the art. Upon evaporation of the solvent, the resin 
forms a Solid host material for the semiconductor nanopar 
ticles. 

In certain embodiments, light scatterers are included in an 
optical material. In certain embodiments, the light scatterers 
comprise light scattering particles. In certain embodiments, 
light scattering particles are included in an optical material in 
an amount in a range from about 0.001 to about 5 weight 
percent of the weight of the host material. In certain embodi 
ments, light scattering particles are included in an optical 
material in an amount in a range from about 0.5 to about 3 
weight percent of the weight of the host material. In certain 
embodiments, light scattering particles are included in an 
optical material in an amount in a range from about 1 to about 
3 weight percent of the weight of the host material. In certain 
embodiments, light scattering particles are included in an 
optical material in an amount in a range from about 1 to about 
2 weight percent of the weight of the host material. In certain 
embodiments, light scattering particles are included in an 
optical material in an amount in a range from about 0.05 to 
about 1 weight percent of the weight of the host material. 



US 9,134,459 B2 
15 

In certain embodiments, light scattering particles are 
included in the optical material in an amount greater than 
about 5 weight percent of the host material. For example, the 
optical material can include from about 5 to about 20 weight 
percent light scattering particles based on the weight of the 
host material; the optical material can include from about 5 to 
about 15 weight percent light scattering particles based on the 
weight of the host material, the optical material can include 
from about 5 to about 10 weight percent light scattering 
particles based on the weight of the host material, etc. 

Other concentrations of light scattering particles in an opti 
cal material outside of the above ranges may also be deter 
mined to be useful or desirable. 

In certain embodiments, the weight ratio of quantum con 
fined semiconductor nanoparticles to scatterers is from about 
1:100 to about 100:1. 
Examples of light scatterers (also referred to herein as 

scatterers or light scattering particles) that can be used in the 
embodiments and aspects of the inventions described herein, 
include, without limitation, metal or metal oxide particles, air 
bubbles, and glass and polymeric beads (solid or hollow). 
Other light scatterers can be readily identified by those of 
ordinary skill in the art. In certain embodiments, scatterers 
have a spherical shape. Preferred examples of scattering par 
ticles include, but are not limited to, TiO, SiO, BaTiO, 
BaSO, and ZnO. Particles of other materials that are non 
reactive with the host material and that can increase the 
absorption pathlength of the excitation light in the host mate 
rial can be used. In certain embodiments, light scatterers may 
have a high index of refraction (e.g., TiO, BaSO, etc) or a 
low index of refraction (gas bubbles). In certain preferred 
embodiments, a light scatterer is not luminescent. 

Selection of the size and size distribution of the scatterers is 
readily determinable by those of ordinary skill in the art. The 
size and size distribution can be based upon the refractive 
index mismatch of the scattering particle and the host material 
in which it the light scatterer is to be dispersed, and the 
preselected wavelength(s) to be scattered according to Ray 
leigh scattering theory. The Surface of the scattering particle 
may further be treated to improve dispersability and stability 
in the host material. In one embodiment, the scattering par 
ticle comprises TiO (R902+ from DuPont) having a median 
particle size 0.405 micron, in a concentration in a range from 
about 0.001 to about 5% by weight. In certain preferred 
embodiments, the concentration range of the scatterers is 
between 0.05% and 2% by weight. 

In certain embodiments, an optical material including 
quantum confined semiconductor nanoparticles and a host 
material can be formed from an ink comprising quantum 
confined semiconductor nanoparticles and a liquid vehicle, 
wherein the liquid vehicle comprises a composition including 
one or more functional groups that are capable of being cross 
linked. The functional units can be cross-linked, for example, 
by UV treatment, thermal treatment, or another cross-linking 
technique readily ascertainable by a person of ordinary skill 
in a relevant art. In certain embodiments, the composition 
including one or more functional groups that are capable of 
being cross-linked can be the liquid vehicle itself. In certain 
embodiments, it can be a co-solvent. In certain embodiments, 
it can be a component of a mixture with the liquid vehicle. In 
certain embodiments, the ink can further include light scat 
terers. Other additives and/or components that can be 
included in an optical material can further be included in the 
ink. 

In certain preferred embodiments of the inventions con 
templated by this disclosure, quantum confined semiconduc 
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tor nanoparticles (e.g., semiconductor nanocrystals) are dis 
tributed within an optical material as individual particles. 

In certain embodiments, an optical material includes other 
additives (e.g., wetting or leveling agents) can also be 
included in optical material. 

In certain aspects and embodiments of the inventions 
taught herein, the optical component includes a first optically 
transparent Substrate and a second optically transparent Sub 
Strate. 

In certain embodiments, one or both of the substrates is at 
least 80% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 85% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 90% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 95% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, one or both of the substrates 
is at least 99% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent. 

In certain embodiments one or both of the substrates can 
comprise a rigid material, e.g., glass, polycarbonate, acrylic, 
quartz, Sapphire, or other known rigid materials. 

In certain embodiments, one or both of the substrates can 
comprise a flexible material, e.g., a polymeric material Such 
as plastic (e.g. but not limited to thin acrylic, epoxy, polycar 
bonate, PEN, PET, PE) or a silicone. 

In certain embodiments, one or both of the substrates can 
comprise a flexible material including a silica or glass coating 
thereon. Preferably the silica or glass coating is sufficiently 
thin to retain the flexible nature of the base flexible material. 

In certain embodiments, the Substrates are the same. 
In certain embodiments, each of the substrates can be dif 

ferent. 
In certain embodiments, one or both of the substrates can 

include a transmission haze (as defined in ASTM D1003 
0095) in a range from about 0.1% to about 5%. (ASTM 
D1003-0095 is hereby incorporated herein by reference.) In 
certain embodiments, one or both of the major Surfaces of one 
or both of the substrates is smooth. 

In certain embodiments, at least one, and preferably both of 
the substrate surfaces between which an optical material and 
adhesive layer disposed are non-Smooth. In certain of Such 
embodiments, one or both of such substrate surfaces are tex 
tured. In certain of such embodiments, one or both of such 
Substrate Surfaces are roughened. In certain of Such embodi 
ments, one or both of such substrate Surfaces are etched. 

In certain preferred embodiments, one or both of such 
non-Smooth Substrate Surfaces has surface roughness (Ra 
arithmetic average profile roughness parameter) greater than 
1000 Angstroms. 

In certain embodiments, the non-Smooth area does not 
completely cover the substrate or substrates, but is patterned 
by Standard methods (such as masking or selective roughen 
ing, etching, texturizing, etc.). 

In certain embodiments, one or both major Surfaces of one 
or both of the substrates can be corrugated. 

In certain embodiments, one or both major Surfaces of one 
or both of the substrates can be roughened. 

In certain embodiments, one or both major Surfaces of one 
or both of the substrates can be textured. 
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In certain embodiments, one or both major Surfaces of one 
or both of the substrates can be concave. 

In certain embodiments, one or both major Surfaces of one 
or both of the substrates can be convex. 

In certain embodiments, one major Surface of at least one 
of the Substrates can comprise microlenses. 

In certain embodiments, the thickness of one or both of the 
Substrates is substantially uniform. 

In certain embodiments, one or both of the substrate sur 
faces between which an optical material and adhesive are 
disposed are Smooth. In certain of such embodiments, at least 
one, and preferably both of any such smooth substrate sur 
faces has a water contact angle at an air-substrate interface no 
greater than 40°, preferably no greater than 25°, and more 
preferably no greater than 15°. 

In certain embodiments, the geometrical shape and dimen 
sions of the first substrate and second substrate are selected 
based on the particular end-use application (e.g., lamp, Solid 
state lighting device, lighting fixture, or other apparatus or 
device). 

In certain embodiments, an optical component includes at 
least one layer including one or more optical materials com 
prising quantum confined semiconductor nanoparticles. 

In certain embodiments including more than one type of 
quantum confined semiconductor nanoparticles, each type 
can be included in a separate layer. 

In certain embodiments, an optical material is disposed 
across a major Surface of a Substrate. 

In certain embodiments, the optical material is disposed as 
an uninterrupted layer across a major surface of a substrate. 
As described herein, in certain embodiments, an optical 

material can be disposed in predetermined arrangement 
which can be patterned or unpatterned. 

In certain embodiments, an optical material is disposed as 
one or more luminescent layers over a predetermined region 
of a surface of the substrate. 

In certain embodiments, a layer including optical material 
including a host material has a thickness, for example, from 
about 0.1 micron to about 1 cm. In certain embodiments, a 
layer including optical material including a host material has 
a thickness from about 0.1 to about 200 microns. In certain 
embodiments, a layer including optical material including a 
host material has a thickness from about 10 to about 200 
microns. In certain embodiments, a layer including optical 
material including a host material has a thickness from about 
30 to about 80 microns. Other thicknesses may be determined 
to be useful or desirable. 

In certain embodiments, other optional layers may also be 
included. 

In certain embodiments, a layer can include two or more 
layers. 

While further including a filter may be undesirable for 
energy considerations, there may be instances in which a filter 
is included for other reasons. In Such instances, a filter may be 
included. In certain embodiments, a filter may cover all or at 
least a predetermined portion of the Support element. In cer 
tain embodiments, a filter can be included for blocking the 
passage of one or more predetermined wavelengths of light. A 
filter layer can be included over or under an optical material. 
In certain embodiments, an optical component can include 
multiple filter layers on various surfaces of the support ele 
ment. In certain embodiments, a notch filter layer can be 
included. 

In certain embodiments, one or more anti-reflection coat 
ings can be included in the optical component. 
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In certain embodiments, one or more wavelength selective 

reflective coatings can be included in the optical component. 
Such coatings can, for example, reflect light back toward the 
light Source. 

In certain embodiments, for example, an optical compo 
nent may further include outcoupling members or structures 
across at least a portion of a Surface thereof. In certain 
embodiments, outcoupling members or structures may be 
uniformly distributed across a surface. In certain embodi 
ments, outcoupling members or structures may vary in shape, 
size, and/or frequency in order to achieve a more uniform 
light distribution outcoupled from the surface. In certain 
embodiments, outcoupling members or structures may be 
positive, e.g., sitting or projecting above the Surface of optical 
component, or negative, e.g., depressions in the Surface of the 
optical component, or a combination of both. 

In certain embodiments, an optical component can further 
include a lens, prismatic Surface, grating, etc. on the Surface 
thereof from which light is emitted. Other coatings can also 
optionally be included on Such surface. 

In certain embodiments, outcoupling members or struc 
tures can be formed by molding, embossing, lamination, 
applying a curable formulation (formed, for example, by 
techniques including, but not limited to, spraying, lithogra 
phy, printing (screen, inkjet, flexography, etc), etc.). 

In certain embodiments, one or both Substrates can include 
light scatterers. 

In certain embodiments, one or both Substrates can include 
air bubbles or air gaps. 

In certain embodiments, an optical component can include 
one or more major, surfaces with a flat or matte finish. 

In certain embodiments, an optical component can include 
one or more surfaces with a gloss finish. 

In certain aspects and embodiments of the inventions 
taught herein, an optical component can optionally further 
include a cover, coating or layer on all or a portion of the outer 
surface of the component for protection from the environment 
(e.g., dust, moisture, and the like) and/or scratching or abra 
Sion. 
An adhesive material is preferably chosen for its optical 

transmission properties and its adhesion qualities. 
In certain preferred embodiments, an adhesive material is 

optically transparent to at least predetermined wavelengths of 
light passing into and out of the optical component. 

In certain embodiments, an adhesive material is at least 
80% optically transparent to at least predetermined wave 
lengths of light passing into and out of the optical component. 
In certain embodiments, an adhesive material is at least 85% 
optically transparent to at least predetermined wavelengths of 
light passing into and out of the optical component. In certain 
embodiments, an adhesive material is at least 90% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. In certain 
embodiments, an adhesive material is at least 95% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. In certain 
embodiments, an adhesive material is at least 99% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. 

In certain preferred embodiments, the adhesive material 
does not yellow or discolor during sealing. More preferably, 
the adhesive material does not yellow or discolor during the 
useful lifetime of the optical component so as to Substantially 
alter the optical properties of the optical component. 

In certain preferred embodiments, an adhesive material has 
adequate adhesive properties to seal the optical component 
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together. More preferably, the seal will not partially or fully 
delaminate or otherwise fail during the useful lifetime of the 
optical component. 

In certain preferred embodiments, the properties of an 
adhesive material will have minimal impact on the solid state 
photoluminescent quantum efficiency of an optical material. 

In certain preferred embodiments, an adhesive material 
further has oxygen barrier properties. 

In certain preferred embodiments, an adhesive material 
further has oxygen and moisture barrier properties. 

In certain preferred embodiments, an adhesive material can 
be hardened (e.g., cured or dried) under conditions that are 
not detrimental to an optical material and the external quan 
tum efficiency of an optical material. Preferably an adhesive 
material can be UV cured. 

Preferably, an adhesive material has a viscosity such that, 
during formation of the layer, the adhesive material remains 
as a mound after it has been dispensed on the optical material, 
with minimal slumping. This viscosity characteristic facili 
tates achieving an optical component in which the materials 
between the substrates are substantially free, and preferably 
free, of air bubbles observable by the naked eye. A preferred 
adhesive material is a UV curable acrylic urethane. Examples 
of UV curable acrylic urethanes include a products sold by 
Norland Adhesives called Norland Optical Adhesive 68 and 
Norland Optical Adhesive 68 T. 

In certain embodiments, the adhesive material can com 
prise a pressure sensitive adhesive. Additional Suitable adhe 
sive materials (e.g., epoxies, acrylics, urethanes, other UV 
curable acrylics, etc.) can be readily ascertained by one of 
ordinary skill in the relevant art. 

In certain embodiments, the optical component can further 
include one or more separate barrier layers. For example, a 
separate barrier layer can be applied to a surface of a Substrate 
before an optical material is deposited, and/or a separate 
barrier layer can be applied over an optical material before it 
comes into contract with the adhesive material. A barrier 
material is a material that is substantially impervious to oxy 
gen. In certain embodiments, a barrier layer is Substantially 
impervious to oxygen and water. 

Example of suitable barrier films or coatings include, with 
out limitation, a hard metal oxide coating, a thin glass layer, 
and Barix coating materials available from Vitex Systems, 
Inc. Other barrier films or coating can be readily ascertained 
by one of ordinary skill in the art. 

In certain embodiments, more than one barrier film or 
coating can be used to further encapsulate optical material(s) 
between the substrates. 

In certain preferred embodiments, a barrier material is 
optically transparent to at least light having predetermined 
wavelengths of light passing into and out of the optical com 
ponent. In certain embodiments, a barrier material is at least 
80% optically transparent to at least predetermined wave 
lengths of light passing into and out of the optical component. 
In certain embodiments, a barrier material is at least 85% 
optically transparent to at least predetermined wavelengths of 
light passing into and out of the optical component. In certain 
embodiments, a barrier material is at least 90% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. In certain 
embodiments, a barrier material is at least 95% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. In certain 
embodiments, a barrier material is at least 99% optically 
transparent to at least predetermined wavelengths of light 
passing into and out of the optical component. 
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In certain preferred embodiments, a barrier material does 

not yellow or discolor so as substantially alter the optical 
properties of the optical component. 

In certain preferred embodiments, a barrier material not 
partially or fully delaminate during the useful lifetime of the 
optical component. 

In certain preferred embodiments, the properties of a bar 
rier material will have minimal impact on the external quan 
tum efficiency of an optical material. 

In certain preferred embodiments, a barrier material can 
formed under conditions that are not detrimental to an optical 
material and the external quantum efficiency of an optical 
material. 

In certain embodiments, the optical component is useful 
with a light Source. 

In certain embodiments, an optical material can alter all or 
a portion of the light output of the light source in at least one 
spectral regions. 

In certain embodiments, an optical material can Supple 
ment the light output of the light source in at least one spectral 
regions. 

In certain embodiments, an optical material can alter all or 
substantially all of the light output of the light source in at 
least one spectral regions. 
A light source preferably emits in the visible region of the 

electromagnetic spectrum. 
Examples of light sources include, for example, but not 

limited to, light sources that produce a light output including 
at least one spectral component in the blue spectral region 
(e.g., about 400 to about 500 nm, about 400 to about 475 nm, 
etc.). 

In certain embodiments, the light source is selected to emit 
white light. 

In certain embodiments, the light source is selected to emit 
off-white light. 

In certain embodiments, an white light emitting LED com 
prises a blue light emitting semiconductor LED including a 
phosphor or other luminescent material(s) for converting the 
blue LED light output to white light. 

In certain embodiments, an off-white light emitting LED 
comprises a blue light emitting semiconductor LED includ 
ing a phosphor or other luminescent material(s) for convert 
ing the blue LED light output to off-white light. 

In certain embodiments, for example, a blue light emitting 
LED component included in the white light emitting LED 
comprises, e.g., (In)GaN blue. 

In certain embodiments, a blue LED can emit light in a 
range from about 400 nm to about 500 nm. In certain embodi 
ments, a blue LED can emit light in a range from about 400 
nm to about 475 nm. 

In certain embodiments, the LED comprises a UV light 
emitting semiconductor LED including a phosphor or other 
luminescent material(s) for converting the UV LED light 
output to white or off-white. 

In certain embodiments, optical material can comprise 
quantum confined semiconductor nanoparticles capable of 
emitting light in the blue to red spectral (e.g., from about 470 
nm to about 650 nm) region. In certain embodiments, optical 
material can comprise quantum confined semiconductor 
nanoparticles capable of emitting light in the red spectral 
region. In certain embodiments, optical material can com 
prise quantum confined semiconductor nanoparticles capable 
of emitting light in the cyan spectral region. In certain 
embodiments, optical material can comprise quantum con 
fined semiconductor nanoparticles capable of emitting light 
in the orange spectral region. In certain embodiments, optical 
material can comprise quantum confined semiconductor 
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nanoparticles capable of emitting light in one or more other 
spectral regions in which the light source has a deficiency. 

In certain embodiments in which the optical component is 
intended for use with a light source that produces a light 
output including light emission in the blue spectral region, the 
optical component can convert at least 10% of the emission in 
the blue spectral region to one or more predetermined wave 
lengths. In certain of Such embodiments, the optical compo 
nent can convert at least 30% of the emission in the blue 
spectral region to one or more predetermined wavelengths. In 
certain of such embodiments, the optical component can con 
vert at least 60% of the emission in the blue spectral region to 
one or more predetermined wavelengths. In certain of Such 
embodiments, the optical component can convert at least 90% 
of the emission in the blue spectral region to one or more 
predetermined wavelengths. 

In certain embodiments in which the optical component is 
intended for use with a light source that produces a light 
output including light emission in the blue spectral region, the 
optical component can convert from about 50% to about 75% 
of the emission in the blue spectral region to one or more 
predetermined wavelengths. 

Advantageously, in certain embodiments of the present 
invention, an optical material comprising red-emitting quan 
tum confined semiconductor nanoparticles can compensate 
for the red spectral deficiency while also lowering the corre 
lated color temperature of a white light emitting LED. Such 
optical material can alter the light output from the light Source 
such that the General Color Rendering Index (R) of the light 
output from the device is increased compared to that of light 
emitted directly from the light source. Such optical material 
can alter the light output from the light Source Such that the 
correlated color temperature of the light output from the 
device has a lower correlated color temperature than that of 
the light emitted directly from the light source. 

In certain embodiments, an optical component can serve as 
a cover plate for a lighting device. 

In certain embodiments, the Substrate comprises a light 
diffuser component of a lighting device. 
As described herein, in another aspect of the present inven 

tion, there is provided a lighting device comprising one or 
more light sources capable of generating light, and an optical 
component positioned to receive at least a portion of the light 
generated by at least one of the one or more light sources and 
convert at least a portion of the light so received to one or 
more predetermined wavelengths such that the light emitted 
by the Solid state lighting device includes light emission from 
the light source Supplemented with light emission at one or 
more predetermined wavelengths, wherein the optical com 
ponent comprises an optical component taught herein. 

In certain embodiments, a lighting device can include a 
plurality of light sources. 

In certain embodiments including a plurality of light 
Sources, the individual light Sources can be the same or dif 
ferent. 

In certain embodiments including a plurality of light 
Sources, each individual light Sources can emit light having a 
wavelength that is the same as or different from that emitted 
by each of the other light sources. 

In certain embodiments including a plurality of light 
Sources, the individual light Sources can be arranged as an 
array within the device. 

Light Sources described herein can be included in a light 
device of the invention. Other light sources can also be suit 
able for use. Other suitable light sources can be readily ascer 
tained by one of ordinary skill in the relevant art. 
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In certain embodiments, an optical material can Supple 

ment the light output of the light source in at least one spectral 
regions. 

In certain embodiments, by Supplementing the light output 
of the light Source in at least one spectral region, an optical 
component can also increase the General Color Rendering 
Index (R) of light output from the light source. 

General Color Rendering Index (which can be abbreviated 
as R), as used herein refers to the common definition of color 
rendering index as a mean value for 8 standard color samples 
(R-s). 

For example, in certain embodiments, the optical compo 
nent can increase the General Color Rendering Index (R) of 
light output from the light source by at least 10%. In certain 
embodiments, the General Color Rendering Index (R) is 
increased to a predetermined General Color Rendering Index 
(R). 

In certain embodiments, for example, an optical compo 
nent can alter light emitted by a light source with a General 
Color Rendering Index (R) less than 80 to greater than 80, 
greater than 85, greater than 90, or greater than 95. 

In certain embodiments, for example, an optical compo 
nent can alter light emitted by a light source. 

In certain embodiments, an optical component can alter 
white light output to have an R9 value that is a positive 
number. More preferably, the R9 value is at least 50. Most 
preferably, the R9 value is greater than 80. 

In certain embodiments, by Supplementing the light output 
of the light Source in at least one spectral region, an optical 
component can alter the correlated color temperature (CCT) 
oflight output from the light source. In certain embodiments, 
the optical component can lower the correlated color tem 
perature of light output from the light source by, for example, 
at least about 1000K; at least about 2000K, at least 3000K, at 
least 4000K, etc. 

In certain embodiments, the CCT is altered to a predeter 
mined CCT. 

In certain embodiments, an optical material is not in direct 
contact with the light source. 

In certain embodiments, the optical component is not in 
direct contact with the light Source. 

Preferably the temperature at the location of the nanopar 
ticles during operation of the Solid State lighting device is less 
than 90°C., less than 75°C., 60° C. or less, 50° C. or less, 40° 
C. or less. In certain preferred embodiments, the temperature 
at the location of the nanoparticles during operation of the 
solid state lighting device is in a range from about 30° C. to 
about 60° C. 

In certain embodiments of a lighting device in accordance 
with the invention that include, e.g., a light source comprising 
a white light emitting LED and an optical component com 
prising an optical material comprising quantum confined 
semiconductor nanoparticles that can emit light in the orange 
to red spectral region, an emission in the orange to red spectral 
region is added to the light output of the solid state lighting 
device. The addition of the nanoparticles with a predeter 
mined emission wavelength in the spectral range from about 
470 nm to about 650 nm can improve the lumens per watt 
efficiency of the Solid state lighting device without increasing 
the power requirements thereof. 

In certain embodiments, a lighting device comprises a light 
Source comprising an LED capable of emitting white light 
including emission in the blue spectral region and having a 
deficiency in the red spectral region; and an optical compo 
nent that is positioned to receive light emitted by the LED, the 
optical component comprising an optical material for con 
Verting at least a portion of the emission in the blue spectral 
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region to light in the red spectral region with a wavelength in 
a range from about 600 nm to about 620 nm such that light 
emitted by the solid state lighting device includes white light 
emission from the LED light source supplemented with light 
emission in the red spectral region, wherein an optical mate- 5 
rial comprises quantum confined semiconductor nanopar 
ticles. 

In certain embodiments, a lighting device comprises a light 
Source comprising an LED capable of emitting white light 
including emission in the blue spectral region and having a 10 
deficiency in the orange to red spectral region; and an optical 
component that is positioned to receive light emitted by the 
LED, the optical component comprising an optical material 
for converting at least a portion of the emission in the blue 
spectral region to light in the spectral region from about 575 15 
nm to about 650 nm such that light emitted by the solid state 
lighting device includes white light emission from the LED 
light Source Supplemented with light emission in the spectral 
region from about 575 nm to about 650 nm, wherein an 
optical material comprises quantum confined semiconductor 20 
nanoparticles. In certain embodiments, for example, an opti 
cal material can convert at least a portion of the blue spectral 
emission to light in the spectral region from about 575 nm to 
about 650 nm, from about 580 to about 630 nm, from about 
590 nm to about 630 nm, from about 600 nm to about 620 nm, 25 
etc. In certain embodiments, the wavelength can be from 
about 600 to about 610. In certain embodiments, the wave 
length can be from about 608 to about 618. 

In certain embodiments, at least 10% of the emission in the 
blue spectral region is converted by the quantum confined 30 
semiconductor nanoparticles. 

In certain embodiments, at least 30% of the emission in the 
blue spectral region is converted by the quantum confined 
semiconductor nanoparticles. 

In certain embodiments, at least 60% of the emission in the 35 
blue spectral region is converted by the quantum confined 
semiconductor nanoparticles. 

In certain embodiments, at least 90% of the emission in the 
blue spectral region is converted by the quantum confined 
semiconductor nanoparticles. 40 

In certain embodiments, from about 50% to about 75% of 
the emission in the blue spectral region is converted by the 
quantum confined semiconductor nanoparticles. 

In accordance with another aspect of the present invention, 
there is provided a lighting fixture adapted to receive one or 45 
more light sources, wherein the fixture includes an optical 
component that is positioned in the fixture relative to the 
position of at least one of the one or more light sources Such 
that at least a portion of the light generated by at least one of 
the light sources passes into the optical component before 50 
being emitted from the fixture, wherein the optical compo 
nent comprises an optical component taught herein. 

In accordance with a further aspect of the present inven 
tion, there is provided a cover plate adapted for attachment to 
a lighting device or a lighting fixture for a light source, the 55 
cover plate comprising an optical component taught herein, 
and means for attaching the cover plate to the device or 
lighting fixture, wherein the optical component can modify 
the light output of the light emitting device with which it is 
used. 60 

In certain embodiments, the optical component can further 
comprise one or more features and optionally additional 
materials and/or layers described herein. 

In certain embodiments and aspects of the inventions 
described herein, the geometrical shape and dimensions of 65 
the optical component can be selected based on the particular 
end-use application. 

24 
In certain embodiments, the light device or lighting fixture 

includes a solid state light source (e.g., an LED). 
In accordance with another aspect of the invention, there is 

provided a method for making an optical component, wherein 
the method comprises: depositing an optical material com 
prising quantum confined semiconductor nanoparticles over 
a predetermined region of a first Surface of a first Substrate; 
forming a layer comprising an adhesive material over the 
optical material and any portion of the first surface of the first 
Substrate that is not covered by the optical material; position 
ing a second Substrate over the layer comprising an adhesive 
material; and sealing the Substrates together. 

In accordance with another embodiment of the method, 
there is provided a method for preparing a plurality of optical 
components comprising depositing optical material compris 
ing quantum confined semiconductor nanoparticles over a 
plurality of predetermined regions of a first surface of a first 
Substrate; forming a layer comprising an adhesive material 
over the optical material and any portion of the first surface of 
the first substrate that is not covered by the optical material; 
positioning a second Substrate over the layer comprising an 
adhesive material; sealing the Substrates together to form a 
sealed structure; and separating individual optical compo 
nents from the sealed structure, wherein an individual optical 
component corresponds to a portion of the sealed Substrate 
including a predetermined region including optical material. 

Separating individual optical components can be accom 
plished by water jet cutting, scoring, laser-cutting, or other 
techniques. 

In certain embodiments, the second Substrate includes a 
second optical material comprising quantum confined semi 
conductor nanoparticles in a second predetermined arrange 
ments disposed over a second predetermined region of the 
surface thereofthat will be internal to the optical component. 
(See FIG. 4A.) In certain embodiments, the predetermined 
arrangement of the optical material and the second predeter 
mined arrangement of the second optical material can the 
same, as discussed above. 

In certain embodiments, an optical material comprises an 
optical material taught herein. In certain embodiments, one or 
more optical materials can be included as separate layers of a 
layered arrangement and/or as separate features of a patterned 
layer. 

Optical materials, quantum confined semiconductor nano 
particles, Substrates, adhesive material, and other optional 
features described herein are also useful in the present 
method. 
An example of an embodiment of the method is outlined in 

FIG. 1. In the example outlined in FIG. 1, optical material is 
deposited as a UV curable ink including quantum confined 
semiconductor nanoparticles. In the depicted example, the 
ink is screen-printed or stencil printed in a predetermined 
pattern onto a first Substrate (e.g., a glass plate). In certain 
preferred embodiments, the first Substrate comprises glass, 
but other suitable substrates can also be used. In certain 
embodiments, the ink can alternatively be printed by other 
techniques known to those familiar in the relevant art. The ink 
is printed to a predetermined thickness. Such predetermined 
thickness is selected based on the concentration of quantum 
confined semiconductor nanoparticles (e.g., semiconductor 
nanocrystals) in the ink and the amount of light scatterers 
present in the ink (which are optional), and the intended 
end-use of the optical component (e.g., the characteristics of 
light to be supplemented by optical material(s) included in the 
optical component and the desired color point of the light 
after passing through the optical component). 
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In certain embodiments, the ink is printed in air. Printing in 
air can facilitate ease of manufacture. 

In certain embodiments, the ink is printed in a controlled 
(e.g., air free) environment. Once printed, the ink is hardened 
by a mechanism based upon the liquid medium included in 
the ink. For example, in embodiments in which the liquid 
component of the ink is a curable resin, the ink is hardened by 
curing the ink resin. In certain preferred embodiments, the ink 
resin is UV curable and exposure to a UV light source for a 
sufficient length of time will cure the ink. For example, an ink 
including a UV curable acrylic resin can be cured by exposure 
to a Dymax Fusion H-bulb at 30-45 milliwatts/cm for 20 
seconds. 

In certain embodiments, the ink hardening step can be 
carried out in air. 

In certain embodiments, the ink is hardened in a controlled 
(e.g., air free) environment. 

Next, an amount of optically clear adhesive material 
(shown in the figure as a preferred encapsulating adhesive) is 
dispensed upon the cured optical material. 

Preferably, an adhesive material has a viscosity such that, 
during formation of the layer, the adhesive material remains 
as a mound after it has been dispensed on the optical material, 
with minimal slumping. This viscosity characteristic facili 
tates achieving an optical component in which the materials 
between the substrates are substantially free, and preferably 
free, of air bubbles observable by the naked eye. A preferred 
adhesive material is a UV curable acrylic urethane. Examples 
of UV curable acrylic urethanes include a products sold by 
Norland Adhesives called Norland Optical Adhesive 68 and 
Norland Optical Adhesive 68 T. 

In certain embodiments, the adhesive material can com 
prise a pressure sensitive adhesive. 
The second Substrate (e.g., a glass plate) is brought down in 

a controlled fashion to touch the top of the dispensed adhesive 
material (shown in the figure as a preferred encapsulating 
adhesive). Preferably the adhesive material has oxygen bar 
rier properties. The second substrate is then slowly pushed 
downwards while maintaining parallelism to the bottom glass 
substrate. This compressive force can be applied actively, for 
example with a controlled force apparatus (Screw, hydraulic, 
pneumatic, etc). This compressive force can also be applied 
passively, for example with a weight. Preferably the compres 
sive force is Substantially uniform across the component. The 
compressive force can be adjusted to control the thickness of 
the adhesive material. 

In certain embodiments, a compressive force no greater 
than 80 lbf (10.6 psi) is used. In certain embodiments, a 
compressive force no greater than 20 lbf (approximately 2.6 
psi) is used. Other compressive forces may be determined to 
be useful or desirable. 

Preferably, the force is held for about one minute before the 
force is removed. Other times may be determined to be useful 
or desirable. 
The adhesive is thereafter hardened to seal the device. 
In certain embodiments including a UV curable adhesive, 

the total UV energy during the curing is preferably less than 
5000 m.J/cm. 

In certain embodiments including a UV curable adhesive, 
low shrinkage adhesive can be used to minimize shrinkage 
stress, or curing conditions can be used that will minimize 
shrinkage stress. These conditions are knownto those who are 
familiar with the art, and can include lower intensity UV 
radiation over a longer time. In certain embodiments, the 
surface of the second substrate to be internal to the optical 
component further includes a second optical material com 
prising quantum confined semiconductor nanoparticles in a 
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second predetermined arrangement. In certain embodiments, 
the second optical material is disposed over a second prede 
termined region of the internal surface of the second substrate 
to face the first Substrate in a predetermined arrangement. In 
certain embodiments, predetermined arrangement of the sec 
ond optical material is a mirror image of the predetermined 
arrangement of optical material(s) disposed over the first 
Substrate and is aligned to be Superimposed over the prede 
termined arrangement of optical material(s) disposed over the 
surface of the first substrate. In embodiments including a 
second optical material on the second Substrate, a compres 
sive force no greater than 20 lbf (approximately 2.6 psi) is 
preferred. 

Other compressive forces may be determined to be useful 
or desirable. 
An optical component produced by the example of an 

embodiment of the method shown in FIG. 1 includes a film of 
optical material including quantum confined semiconductor 
nanoparticles that is completely encapsulated from the atmo 
sphere by the adhesive material. 

FIG. 2 is a schematic drawing, in cross-section, depicting 
an example of an embodiment of an optical component in 
accordance with the invention. 

Even though the package is assembled in air, oxygen is 
excluded for the most part because there are substantially no 
air pockets in the completed optical component. An optical 
material is surrounded by the adhesive material on three sides, 
and by glass on the fourth side. 

In order to permeate the optical component after it is 
sealed, oxygen must diffuse through the end seal and into an 
optical material layer. Barrier properties of the package can 
also be controlled by the length of the edge seal (e.g., the 
distance from the edge of the substrate to the outer edge of the 
layer of optical material between the substrates). 

In certain embodiments, the length of the edge seal is 
substantially uniform around the perimeter of the substrates. 
As an example, the edge seal length is no less than 0.5 mm in 
certain embodiments. In certain embodiments the edge seal 
can be 1 mm. In certain embodiments, the edge seal can be 2 
mm. In certain embodiments, the edge seal can be 3 mm or 
greater. Other edge seal lengths may also be determined to be 
useful or desirable. 

In certain preferred aspects and embodiments of the inven 
tions taught herein, the sealed optical component is exposed 
to light flux for a period of time sufficient to increase the 
photoluminescent efficiency of an optical material. 

In certain embodiments, the optical component is exposed 
to light and heat for a period of time sufficient to increase the 
photoluminescent efficiency of an optical material. In certain 
embodiments, the exposure to light or light and heat is con 
tinued for a period of time until the photoluminescent effi 
ciency reaches a Substantially constant value. In certain 
embodiments, a light Source including light output with emis 
sion in the range of 365 to 480 nm is used as the source of light 
flux. In certain embodiments, a light source including light 
output with emission in the range of 365 to 470 nm is used as 
the source of light flux. 

In certain preferred embodiments, blue LEDs or blue emit 
ting fluorescent lamps are used. Other known light Sources 
with emissions in Such wavelength range can be readily iden 
tified by the skilled artisan. In certain embodiments, the light 
flux is from about 10 to about 100 mW/cm, preferably from 
about 20 to about 35 mW/cm, and more preferably from 
about 20 to about 30 mW/cm. In embodiments that include 
exposing an optical material to light and heat, an optical 
material is exposed to light while at a temperature in a range 
from about 25° to about 80°C. In certain embodiments, after 
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sealing, an optical component is exposed to light from a blue 
LED emitting light at a 450 nm nominal center wavelength at 
a temperature of 80°C. in air. In certain embodiments, after 
sealing, an optical component is exposed to light from a blue 
LED emitting light at a 450 nm nominal center wavelength at 
a temperature of 50° C. in air. 

For additional information that may be useful with the 
present invention, see U.S. Patent Application No. 61/175, 
456, of Linton, et al., for "Optical Material, Optical Compo 
nent, Devices, And Methods, filed 4 May 2009, which is 
hereby incorporated herein by reference. 
An example of an embodiment of a method for making a 

plurality of optical components is outlined in FIG. 5. In the 
example outlined in FIG. 5, optical material is deposited as a 
UV curable ink including quantum confined semiconductor 
nanoparticles over a plurality of predetermined regions on a 
first Substrate. In the depicted example, the ink is screen 
printed or stencil printed in a predetermined pattern onto a 
first Substrate (e.g., a glass plate). In certain preferred 
embodiments, the first Substrate comprises glass, but other 
Suitable Substrates can also be used. 

In certain embodiments, at least one, and preferably both of 
the substrate surfaces between which an optical material and 
adhesive layer disposed are non-Smooth. In certain of Such 
embodiments, one or both of such substrate surfaces are tex 
tured. In certain of such embodiments, one or both of such 
Substrate Surfaces are roughened. In certain of Such embodi 
ments, one or both of Such substrate Surfaces are etched. 

In certain preferred embodiments, one or both of such 
non-Smooth Substrate surfaces has surface roughness (Ra 
arithmetic average profile roughness parameter) greater than 
1000 Angstroms. 

In certain embodiments, the non-Smooth area does not 
completely cover the substrate or substrates, but is patterned 
by Standard methods (such as masking or selective roughen 
ing, etching, texturizing, etc.). 

In certain embodiments, one or both of the substrate sur 
faces between which an optical material and adhesive are 
disposed are Smooth. In certain of such embodiments, at least 
one, and preferably both of any such smooth substrate sur 
faces has a water contact angle at an air-substrate interface no 
greater than 40°, preferably no greater than 25 more prefer 
ably no greater than 15°. 

In certain embodiments, the ink can alternatively be 
printed by other techniques known to those familiar in the 
relevant art. The ink is printed to a predetermined thickness. 
Such predetermined thickness is selected based on the con 
centration of quantum confined semiconductor nanoparticles 
(e.g., semiconductor nanocrystals) in the ink and the amount 
of light scatterers present in the ink (which are optional), and 
the intended end-use of the optical component (e.g., the char 
acteristics of light to be supplemented by optical material(s) 
included in the optical component and the desired color point 
of the light after passing through the optical component). 

In certain embodiments, the ink is printed in air. Printing in 
air can facilitate ease of manufacture. 

In certain embodiments, the ink is printed in a controlled 
(e.g., air free) environment. 
Once printed, the ink is hardened by a mechanism based 

upon the liquid medium included in the ink. For example, in 
embodiments in which the liquid component of the ink is a 
curable resin, the ink is hardened by curing the ink resin. In 
certain preferred embodiments, the ink resin is UV curable 
and exposure to a UV light source for a sufficient length of 
time will cure the ink. For example, an ink including a UV 
curable acrylic resin can be cured by exposure to a Dymax 
Fusion H-bulb at 30-45 milliwatts/cm for 20 seconds. 
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In certain embodiments, the ink hardening step can be 

carried out in air. 
In certain embodiments, the ink is hardened in a controlled 

(e.g., air free) environment. 
Next, an amount of optically clear adhesive material 

(shown in the figure as a preferred encapsulating adhesive) is 
dispensed onto the first Substrate. In the depicted example, a 
stripe of adhesive is dispensed across the surface of the sub 
strate including the cured optical material, near an edge. The 
amount of adhesive is preferably at least sufficient to provide 
a uniform layer of adhesive over the surface of the substrate 
including the hardened optical material, having a predeter 
mined thickness. The adhesive can alternatively be deposited 
by other techniques and/or arrangements for attaining a uni 
form layer of adhesive over the surface of the substrate 
including the hardened optical material, having a predeter 
mined thickness. 

Preferably, an adhesive material has a viscosity such that, 
during formation of the layer, the adhesive material remains 
as a mound after it has been dispensed on the optical material, 
with minimal slumping. This viscosity characteristic facili 
tates achieving an optical component in which the materials 
between the substrates are substantially free, and preferably 
free, of air bubbles observable by the naked eye. A preferred 
adhesive material is a UV curable acrylic urethane. Examples 
of UV curable acrylic urethanes include a products sold by 
Norland Adhesives called Norland Optical Adhesive 68 and 
Norland Optical Adhesive 68 T. 

In certain embodiments, the adhesive material can com 
prise a pressure sensitive adhesive. The second Substrate (e.g., 
a glass plate) is brought down in a controlled fashion to touch 
the top of the line of dispensed adhesive material and com 
pressive force is applied to the Stacked arrangement to com 
press the structure and spread the adhesive across the Surface 
of the first substrate including the cured ink. 

Roll-lamination can be used as depicted in the example. 
Other techniques known to those familiar in the relevant art 
can alternatively be used to form the layer of adhesive 
between the two substrates and seal the structure. Preferably 
the Substrates are parallel after sealing. 
As discussed above, preferably the adhesive material has 

oxygen barrier properties. 
The second substrate is then slowly pushed downwards 

while maintaining parallelism to the bottom glass Substrate. 
Preferably compressive force is applied in a substantially 
uniform manner across the structure. The compressive force 
can be adjusted to control the thickness of the adhesive mate 
rial. In certain embodiments, a compressive force no greater 
than 80 lbf (10.6 psi) is used. In certain embodiments, a 
compressive force no greater than 20 lbf (approximately 2.6 
psi) is used. Other compressive forces may be determined to 
be useful or desirable. 
The adhesive is thereafter hardened to seal the device. 
In certain embodiments including a UV curable adhesive, 

the total UV energy during the curing is preferably less than 
5000 m.J/cm. 

In certain embodiments including a UV curable adhesive, 
low shrinkage adhesive can be used to minimize shrinkage 
stress, or curing conditions can be used that will minimize 
shrinkage stress. These conditions are knownto those who are 
familiar with the art, and can include lower intensity UV 
radiation over a longer time. After the Substrates are sealed, 
individual optical components are separated from the sealed 
structure. An individual optical component can correspond to 
a portion of the sealed Substrate including a predetermined 
region including optical material. Preferably an individual 
optical components includes a margin of adhesive between 
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the perimeter of the optical material and the edge of the 
optical component. More preferably, the margin is uniform. 

Separating individual optical components can be accom 
plished by water jet cutting, scoring, laser-cutting, or other 
techniques. 5 

In certain embodiments, at least one, and preferably both of 
the substrate surfaces between which an optical material is 
disposed are non-Smooth. 

In certain of such embodiments, one or both of such sub 
strate surfaces are textured. In certain of Such embodiments, 
one or both of such substrate Surfaces are roughened. 

In certain embodiments, at least one, and preferably both of 
the substrate surfaces between which an optical material and 
adhesive layer disposed are non-Smooth. In certain of Such 
embodiments, one or both of such substrate surfaces are tex- 15 
tured. In certain of such embodiments, one or both of such 
Substrate Surfaces are roughened. In certain of Such embodi 
ments, one or both of Such substrate Surfaces are etched. 

In certain preferred embodiments, one or both of such 
non-Smooth Substrate surfaces has surface roughness (Ra 
arithmetic average profile roughness parameter) greater than 
1000 Angstroms. 

In certain embodiments, the non-Smooth area does not 
completely cover the substrate or substrates, but is patterned 
by Standard methods (such as masking or selective roughen 
ing, etching, texturizing, etc.). 

In certain embodiments, one or both of the substrate sur 
faces between which an optical material and adhesive are 
disposed are Smooth. In certain of such embodiments, at least 
one, and preferably both of any such smooth substrate sur 
faces has a water contact angle at an air-substrate interface no 
greater than 40°, preferably no greater than 25 more prefer 
ably no greater than 15°. 

In certain embodiments, at least one, and preferably both of 
the substrate surfaces between which an optical material is 
disposed has a contact angle no greater than 30', preferably 
no greater than 20 more preferably no greater than 10°. 

In certain embodiments, the surface of the second substrate 
to be internal to the optical component can further include a 
second optical material comprising quantum confined semi 
conductor nanoparticles disposed over a second plurality of 
predetermined regions over a first Surface of the second Sub 
strate. In certain embodiments, the plurality of predetermined 
regions on the first and second Substrate are aligned so as to be 
Superimposed over each other when the Substrates are sealed. 45 

In embodiments including predetermined regions of first 
and second optical materials on the respective substrates, 
Such regions can have the same size and same shape. 
An individual optical components prepared by this 

embodiment can further include an edge seal area between 50 
the perimeter of the predetermined regions comprising the 
optical material and the edges of the sealed structure, wherein 
the edge seal area includes no optical material. 

In certain preferred aspects and embodiments of the inven 
tions taught herein, the sealed optical component is exposed 55 
to light flux for a period of time sufficient to increase the 
photoluminescent efficiency of an optical material, as 
described above. 
An optical component produced by the example of an 

embodiment of the method shown in FIG. 5 includes a film of 60 
optical material including quantum confined semiconductor 
nanoparticles that is completely encapsulated from the atmo 
sphere by the adhesive material. 

Even when a portion of the assembly process, e.g., prior to 
hardening the ink, is be carried out in air in accordance with 65 
certain embodiments of the invention, oxygen is excluded for 
the most part because there are Substantially no air pockets in 
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the completed optical component. An optical material is Sur 
rounded by the adhesive material on three sides, and by glass 
on the fourth side. 

In order to permeate the optical component after it is 
sealed, oxygen must diffuse through the end seal and into an 
optical material layer. Barrier properties of the package can 
also be controlled by the length of the edge seal (e.g., the 
distance from the edge of the substrate to the outer edge of the 
layer of optical material between the substrates). 

In certain embodiments, the length of the edge seal is 
substantially uniform around the perimeter of the substrates. 
As an example, the edge seal length is no less than 0.5 mm 

in certain embodiments. in certain embodiments the edge seal 
can be 1 mm. In certain embodiments, the edge seal can be 2 
mm. In certain embodiments, the edge seal can be 3 mm or 
greater. Other edge seal lengths may also be determined to be 
useful or desirable. 

In certain embodiments, at least one, and preferably both of 
the substrate surfaces between which an optical material and 
adhesive layer disposed are non-Smooth. In certain of Such 
embodiments, one or both of such substrate surfaces are tex 
tured. In certain of such embodiments, one or both of such 
Substrate Surfaces are roughened. In certain of Such embodi 
ments, one or both of such substrate Surfaces are etched. 

In certain preferred embodiments, one or both of such 
non-Smooth Substrate Surfaces has surface roughness (Ra 
arithmetic average profile roughness parameter) greater than 
1000 Angstroms. 

In certain embodiments, the non-Smooth area does not 
completely cover the substrate or substrates, but is patterned 
by Standard methods (such as masking or selective roughen 
ing, etching, texturizing, etc.). 

In certain embodiments, one or both of the substrate sur 
faces between which an optical material and adhesive are 
disposed are Smooth. In certain of such embodiments, at least 
one, and preferably both of any such smooth substrate sur 
faces has a water contact angle at an air-substrate interface no 
greater than 40°, preferably no greater than 25 more prefer 
ably no greater than 15°. 

Photoluminescent efficiency can be measured, for 
example, with use of a spectrophotometer in an integrating 
sphere including a NIST traceable calibrated light source. 

For example, External Quantum Efficiency (EQE) can be 
measured in a 12" integrating sphere using a NIST traceable 
calibrated light source, using the method developed by Mello 
et al., Advanced Materials 9(3):230 (1997), which is hereby 
incorporated by reference. The method uses a collimated 450 
nm LED source, an integrating sphere and a spectrometer. 
Three measurements are taken. First, the LED directly illu 
minates the integrating sphere giving a spectrum labeled L1 
and shown in FIG. 3 (which graphically represents emission 
intensity (a.u.) as a function of wavelength (nm)) for purposes 
of example in describing this method. Next, the PL sample is 
placed into the integrating sphere so that only diffuse LED 
light illuminates the sample giving the (L2+P2) spectrum 
shown for purposes of example in FIG. 3. Finally, the PL 
sample is placed into the integrating sphere so that the LED 
directly illuminates the sample (just off normal incidence) 
giving the (L3+P3) spectrum shown for purposes of example 
4. After collecting the data, each spectral contribution (L's 
and Ps) is computed. L1, L2 and L3 correspond to the sums 
of the LED spectra for each measurement and P2 and P3 are 
the sums associated with the PL spectra for 2nd and 3rd 
measurements. The following equation then gives the exter 
nal PL quantum efficiency: 
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In certain embodiments, an optical material can further 
include light scattering particles and other optional additives 
described herein. 

Because semiconductor nanocrystals have narrow emis 
sion linewidths, are photoluminescent efficient, and emission 
wavelength tunable with the size and/or composition of the 
nanocrystals, they are preferred quantum confined semicon 
ductor nanoparticles for use in the various aspects and 
embodiments of the inventions described herein. 
The size and composition of quantum confined semicon 

ductor nanoparticles (including, e.g., semiconductor nanoc 
rystals) useful in the various aspects and embodiments of the 
inventions can be selected Such that semiconductor nanocrys 
tals emit photons at a predetermined wavelength of wave 
length band in the far-visible, visible, infra-red or other 
desired portion of the spectrum. For example, the wavelength 
can be between 300 and 2,500 nm or greater, such as between 
300 and 400 nm, between 400 and 700 nm, between 700 and 
1100 nm, between 1100 and 2500 nm, or greater than 2500 

. 

Quantum confined semiconductor nanoparticles (includ 
ing, e.g., semiconductor nanoctystals) are nanometer-scale 
inorganic semiconductor nanoparticles. Semiconductor 
nanocrystals include, for example, inorganic crystallites 
between about 1 nm and about 1000 nm in diameter, prefer 
ably between about 2 nm and about 50 nm, more preferably 
about 1 nm to about 20 nm (such as about 6,7,8,9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19, or 20 nm). 

Semiconductor nanocrystals included in various aspect 
and embodiments of the inventions most preferably have an 
average nanocrystal diameter less than about 150 Angstroms 
(A). In certain embodiments, semiconductor nanocrystals 
having an average nanocrystal diameter in a range from about 
12 to about 150 Angstroms can be particularly desirable. 

However, depending upon the composition and desired 
emission wavelength of the semiconductor nanocrystal, the 
average diameter may be outside of these various preferred 
size ranges. 
The semiconductor forming the nanoparticles and nanoc 

tystals for use in the various aspects and embodiments of the 
inventions described hereincan comprise Group IV elements, 
Group II-VI compounds, Group II-V compounds, Group III 
VI compounds, Group III-V compounds, Group IV-VI com 
pounds, Group compounds, Group II-IV-VI compounds, or 
Group II-IV-V compounds, for example, CdS, CdC), CdSe, 
CdTe., ZnS, ZnO, ZnSe, ZnTe, MgTe, GaAs, GaP. GaSb, 
GaN. Hg.S. HgO, HgSe. HgTe, InAs, InP, InSb, InN, AlAs. 
AlPAlSb, AIS, PbS, PbO, PbSe, Ge. Si, alloys thereof, and/or 
mixtures thereof, including ternary and quaternary mixtures 
and/or alloys. 

Examples of the shape of the nanoparticles and nanoctys 
tals include sphere, rod, disk, other shape or mixtures thereof. 

In certain preferred aspects and embodiments of the inven 
tions, quantum confined semiconductor nanoparticles (in 
cluding, e.g., semiconductor nanoctystals) include a “core' of 
one or more first semiconductor materials, which may include 
an overcoating or 'shell' of a second semiconductor material 
on at least a portion of a surface of the core. In certain 
embodiments, the shell Surrounds the core. A quantum con 
fined semiconductor nanoparticle (including, e.g., semicon 
ductor nanocrystal) core including a shell on at least a portion 
of a surface of the core is also referred to as a “core/shelf 
semiconductor nanocrystal. 

For example, a quantum confined semiconductor nanopar 
ticle (including, e.g., semiconductor nanocrystal) can include 
a core comprising a Group IV element or a compound repre 
sented by the formula MX, where M is cadmium, zinc, mag 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

32 
nesium, mercury, aluminum, gallium, indium, thallium, or 
mixtures thereof, and X is oxygen, Sulfur, selenium, tellu 
rium, nitrogen, phosphorus, arsenic, antimony, or mixtures 
thereof. Examples of materials suitable for use as a core 
include, but are not limited to, CdS, CdC), CdSe, CdTe., ZnS, 
ZnO, ZnSe, ZnTe, MgTe, GaAs, GaP. GaSb, GaN. Hg.S. HgO, 
HgSe, HgTe, InAs, InP, InSb, InN, AlAs. AlPAISb, AIS, PbS, 
PbO, PbSe, Ge. Si, alloys thereof, and/or mixtures thereof, 
including ternary and quaternary mixtures and/or alloys. 
Examples of materials suitable for use as a shell include, but 
are not limited to, CdS, CdO, CdSe, CdTe., ZnS, ZnO, ZnSe, 
ZnTe, MgTe, GaAs, GaP. GaSb, GaN. Hg.S. HgO, HgSe, 
HgTe, InAs, InP, InSb, InN, AlAs. AlP, AISb, AIS, PbS, PbO, 
PbSe, Ge. Si, alloys thereof, and/or mixtures thereof, includ 
ing ternary and quaternary mixtures and/or alloys. 

In certain embodiments, the surrounding “shell” material 
can have a bandgap greater than the bandgap of the core 
material and can be chosen so as to have an atomic spacing 
close to that of the “core” Substrate. In another embodiment, 
the Surrounding shell material can have a bandgap less than 
the bandgap of the core material. In a further embodiment, the 
shell and core materials can have the same crystal structure. 
Shell materials are discussed further below. For further 
examples of core/shell semiconductor structures, see U.S. 
application Ser. No. 10/638,546, entitled “Semiconductor 
Nanocrystal Heterostructures, filed 12 Aug. 2003, which is 
hereby incorporated herein by reference in its entirety. 
Quantum confined semiconductor nanoparticles are pref 

erably members of a population of semiconductor nanopar 
ticles having a narrow size distribution. More preferably, the 
quantum confined semiconductor nanoparticles (including, 
e.g., semiconductor nanocrystals) comprise a monodisperse 
or Substantially monodisperse population of nanoparticles. 
Quantum confined semiconductor nanoparticles show 

strong quantum confinement effects that can be harnessed in 
designing bottom-up chemical approaches to create optical 
properties that are tunable with the size and composition of 
the nanoparticles. 

For example, preparation and manipulation of semicon 
ductor nanocrystals are described in Murray et al. (J. Am. 
Chem. Soc., 115:8706 (1993)); in the thesis of Christopher 
Murray, “Synthesis and Characterization of II-VI Quantum 
Dots and Their Assembly into 3-D Quantum Dot Superlat 
tices’, Massachusetts Institute of Technology, September, 
1995; and in U.S. patent application Ser. No. 08/969,302 
entitled “Highly Luminescent Color-selective Materials” 
which are hereby incorporated herein by reference in their 
entireties. Other examples of the preparation and manipula 
tion of semiconductor nanocrystals are described in U.S. Pat. 
Nos. 6,322,901 and 6,576.291, and U.S. Patent Application 
No. 60/550,314, each of which is hereby incorporated herein 
by reference in its entirety. 

Other materials, techniques, methods, applications, and 
information that may be useful with the present invention are 
described in: U.S. Application No. 61/162,293, filed 21 Mar. 
2009, U.S. Application No. 61/173.375 filed 28 Apr. 2009, 
U.S. Application No. 61/175,430 filed 4 May 2009, U.S. 
Patent Application No. 61/175,456, filed 4 May 2009, U.S. 
Patent Application No. 61/234,179, filed 14 Aug. 2009, Inter 
national Patent Application No. PCT/US2009/002789, filed 6 
May 2009; and U.S. patent application Ser. No. 12/283,609, 
filed 12 Sep. 2008, U.S. patent application Ser. No. 12/283, 
609 of Seth Coe-Sullivan et al. for “Compositions, Optical 
Component, System Including An Optical Components, 
Devices, And Other Products”, filed 12 Sep. 2008 Interna 
tional Application No. PCT/US2008/10651, of Breen, et al., 
for “Functionalized Nanoparticles And Method’, filed 12 
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Sep. 2008, and International Application No. PCT/US2009/ 
002796 of Seth Coe-Sullivanet al. for “Optical Components, 
Systems Including an Optical Component, And Devices'. 
filed 6 May 2009, and U.S. Patent Application No. 61/252, 
656 of Breen for “Method For Preparing Quantum Dots', 
filed 17 Oct. 2009. Each of the foregoing is hereby incorpo 
rated by reference herein in its entirety. 

In various aspects and embodiments of the invention, quan 
tum confined semiconductor nanoparticles (including, but 
not limited to, semiconductor nanocrystals) optionally have 
ligands attached thereto. 

In certain embodiments, the ligands are derived from the 
coordinating solvent used during the growth process. The 
Surface can be modified by repeated exposure to an excess of 
a competing coordinating group to form an overlayer. For 
example, a dispersion of the capped semiconductor nanoc 
rystal can be treated with a coordinating organic compound, 
Such as pyridine, to produce crystallites which disperse 
readily in pyridine, methanol, and aromatics but no longer 
disperse in aliphatic solvents. Such a Surface exchange pro 
cess can be carried out with any compound capable of coor 
dinating to or bonding with the outer Surface of the semicon 
ductor nanocrystal, including, for example, phosphines, 
thiols, amines and phosphates. The semiconductor nanocrys 
tal can be exposed to short chain polymers which exhibit an 
affinity for the Surface and which terminate in a moiety having 
an affinity for a suspension or dispersion medium. Such affin 
ity improves the stability of the Suspension and discourages 
flocculation of the semiconductor nanocrystal. In other 
embodiments, semiconductor nanocrystals can alternatively 
be prepared with use of non-coordinating solvent(s). 

Examples of typical coordinating solvents include, but are 
not limited to, alkyl phosphines, alkyl phosphine oxides, 
alkyl phosphonic acids, or alkyl phosphinic acids, however, 
other coordinating solvents, such as pyridines, furans, and 
amines may also be suitable for the nanocrystal production. 
Examples of other Suitable coordinating solvents include 
pyridine, tri-n-octyl phosphine (TOP), tri-n-octyl phosphine 
oxide (TOPO) and tris-hydroxylpropylphosphine (thPP). 
Technical grade TOPO can be used. 3,5-di-tert-butyl-4-hy 
droxybenzylphosphonic acid can also be used as a ligand. 

For example, a coordinating ligand can have the formula: 

wherein k is 2, 3 or 5, and n is 1, 2, 3, 4 or 5 such that k-n is 
not less than Zero; X is O, S, S-O, SO2, Se, Se-O, N, 
N=O, P, P=O. As, or As—O; each of Y and L, indepen 
dently, is aryl, heteroatyl, or a straight or branched C2-12 
hydrocarbon chain optionally containing at least one double 
bond, at least one triple bond, or at least one double bond and 
one triple bond. The hydrocarbon chain can be optionally 
substituted with one or more C1-4 alkyl, C2-4 alkenyl, C2-4 
alkynyl, C1-4 alkoxy, hydroxyl, halo, amino, nitro, cyano, 
C3-5 cycloalkyl, 3-5 membered heterocycloalkyl, aryl, het 
eroatyl, C1-4 alkylcarbonyloxy, C1-4 alkyloxycarbonyl, 
C1-4 alkylcarbonyl, or formyl. The hydrocarbon chain can 
also be optionally interrupted by —O— —S— —N(Ra)-. 
—N(Ra)-C(O)—O— —O—C(O) N(Ra)-. —N(Ra)-C 
(O) N(Rb)-, —O C(O)—O——P(Ra)-, or—P(O)(Ra)-. 
Each of Ra and Rb, independently, is hydrogen, alkyl, alk 
enyl, alkynyl, alkoxy, hydroxylalkyl, hydroxyl, or haloalkyl. 
An aryl group is a Substituted or unsubstituted cyclic aromatic 
group. Examples include phenyl, benzyl, naphthyl, tolyl, 
anthracyl, nitrophenyl, or halophenyl. A heteroaryl group is 
an aryl group with one or more heteroatoms in the ring, for 
instance furyl, pyridyl, pyrrolyl, phenanthryl. 
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A suitable coordinating ligand can be purchased commer 

cially or prepared by ordinary synthetic organic techniques, 
for example, as described in J. March, Advanced Organic 
Chemistry, which is incorporated herein by reference in its 
entirety. 

See also U.S. patent application Ser. No. 10/641.292 
entitled “Stabilized Semiconductor Nanocrystals', filed 15 
Aug. 2003, which is hereby incorporated herein by reference 
in its entirety. 
When an electron and hole localize on a quantum confined 

semiconductor nanoparticle (including, but not limited to, a 
semiconductor nanocrystal), emission can occur at an emis 
sion wavelength. The emission has a frequency that corre 
sponds to the band gap of the quantum confined semiconduc 
tor material. The band gap is a function of the size of the 
nanoparticle. Quantum confined semiconductor nanopar 
ticles having Small diameters can have properties intermedi 
ate between molecular and bulk forms of matter. For example, 
quantum confined semiconductor nanoparticles having Small 
diameters can exhibit quantum confinement of both the elec 
tron and hole in all three dimensions, which leads to an 
increase in the effective band gap of the material with 
decreasing crystallite size. Consequently, for example, both 
the optical absorption and emission of semiconductor nanoc 
rystals shift to the blue, or to higher energies, as the size of the 
crystallites decreases. 

For an example of blue light-emitting semiconductor 
nanocrystal materials, see U.S. patent application Ser. No. 
11/071,244, filed 4 Mar. 2005, which is hereby incorporated 
by reference herein in its entirety. 
The emission from a quantum confined semiconductor 

nanoparticle can be a narrow Gaussian emission band that can 
be tuned through the complete wavelength range of the ultra 
violet, visible, or infra-red regions of the spectrum by varying 
the size of the quantum confined semiconductor nanoparticle, 
the composition of the quantum confined semiconductor 
nanoparticle, or both. For example, CdSe can be tuned in the 
visible region and InAS can be tuned in the infra-red region. 
The narrow size distribution of a population of quantum con 
fined semiconductor nanoparticles can result in emission of 
light in a narrow spectral range. The population can be mono 
disperse preferably exhibits less than a 15% rms (root-mean 
square) deviation in diameter of the quantum confined semi 
conductor nanoparticles, more preferably less than 10%, 
most preferably less than 5%. Spectral emissions in a narrow 
range of no greater than about 75 nm, preferably 60 nm, more 
preferably 40 nm, and most preferably 30 nm full widthat half 
max (FWHM) for quantum confined semiconductor nanopar 
ticles that emit in the visible can be observed. IR-emitting 
quantum confined semiconductor nanoparticles can have a 
FWHM of no greater than 150 nm, or no greater than 100 nm. 
Expressed interms of the energy of the emission, the emission 
can have a FWHM of no greater than 0.05 eV, or no greater 
than 0.03 eV. The breadth of the emission decreases as the 
dispersity of quantum confined semiconductor nanoparticle 
diameters decreases. 

For example, semiconductor nanocrystals can have high 
emission quantum efficiencies such as greater than 10%, 
20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90%. 
The narrow FWHM of semiconductor nanocrystals can 

result in saturated color emission. The broadly tunable, satu 
rated color emission over the entire visible spectrum of a 
single material system is unmatched by any class of organic 
chromophores (see, for example, Dabbousi et al., J. Phys. 
Chem. 101,9463 (1997), which is incorporated by reference 
in its entirety). A monodisperse population of semiconductor 
nanocrystals will emit light spanning a narrow range of wave 
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lengths. A pattern including more than one size of semicon 
ductor nanocrystal can emit light in more than one narrow 
range of wavelengths, The color of emitted light perceived by 
a viewer can be controlled by selecting appropriate combina 
tions of semiconductor nanocrystal sizes and materials. The 5 
degeneracy of the band edge energy levels of semiconductor 
nanocrystals facilitates capture and radiative recombination 
of all possible excitons. 

Transmission electron microscopy (TEM) can provide 
information about the size, shape, and distribution of the 10 
semiconductor nanocrystal population. Powder X-ray dif 
fraction (XRD) patterns can provide the most complete infor 
mation regarding the type and quality of the crystal structure 
of the semiconductor nanocrystals. Estimates of size are also 
possible since particle diameter is inversely related, via the 15 
X-ray coherence length, to the peak width. For example, the 
diameter of the semiconductor nanocrystal can be measured 
directly by transmission electron microscopy or estimated 
from X-ray diffraction data using, for example, the Scherrer 
equation. It also can be estimated from the UV/Vis absorption 20 
spectrum. 
Quantum confined semiconductor nanoparticles are pref 

erably handled in a controlled (oxygen-free and moisture 
free) environment, preventing the quenching of luminescent 
efficiency during the fabrication process. 25 
An optical material comprising quantum confined semi 

conductor nanoparticles can be dispersed in a liquid medium 
and are therefore compatible with thin-film deposition tech 
niques such as spin-casting, drop-casting, and dip coating. 

In certain preferred embodiments, an optical material for 30 
use in various aspects and embodiments in accordance with 
the invention can be prepared, for example, from an ink 
comprising quantum confined semiconductor nanoparticles 
and a liquid vehicle, wherein the liquid vehicle comprises one 
or more functional groups that are capable of being polymer- 35 
ized (e.g., cross-linked) to form a host material. In certain 
embodiments, the functional units can be cross-linked by UV 
treatment. In certain embodiments, the functional units can be 
cross-linked by thermal treatment. In certain embodiments, 
the functional units can be cross-linked by other cross-linking 40 
technique readily ascertainable by a person of ordinary skill 
in a relevant art. In certain embodiments, an optical material 
including one or more functional groups that are capable of 
being cross-linked can be the liquid vehicle itself, Optionally, 
the ink further includes scatterers and/or other additives. 45 
An ink can be deposited onto a surface of a Substrate by 

printing, screen-printing, spin-coating, gravure techniques, 
inkjet printing, roll printing, etc. The ink can be deposited in 
a predetermined arrangement. For example, the ink can be 
deposited in a patterned or unpatterned arrangement. For 50 
additional information that may be useful to deposit an ink 
onto a Substrate, see for example, International Patent Appli 
cation No. PCT/US2007/014711, entitled “Methods For 
Depositing Nanomaterial, Methods For Fabricating A 
Device, And Methods For Fabricating An Array Of Devices, 55 
of Seth A. Coe-Sullivan, filed 25 Jun. 2007, International 
Patent Application No. PCT/US2007/014705, entitled 
“Methods For Depositing Nanomaterial, Methods For Fabri 
cating A Device, Methods For Fabricating An Array Of 
Devices And Compositions', of Seth A. Coe-Sullivan, et al., 60 
filed 25 Jun. 2007, International Patent Application No. PCT/ 
US2007/014706, entitled “Methods And Articles Including 
Nanomaterial, of Seth A. Coe-Sullivan, et al., filed 25 Jun. 
2007, International Patent Application No. PCT/US2007/ 
08873, entitled “Composition Including Material, Methods 65 
Of Depositing Material, Articles Including Same And Sys 
tems For Depositing Material’, of Seth A. Coe-Sullivan, et 

36 
al., filed 9 Apr. 2007, International Patent Application No. 
PCT/US2007/09255, entitled “Methods OfDepositing Mate 
rial, Methods Of Making A Device, And Systems And 
Articles For Use In Depositing Material, of Maria J. Anc, et 
al., filed 13 Apr. 2007. International Patent Application No. 
PCT/US2007/08705, entitled “Methods And Articles Includ 
ing Nanomaterial’, of Seth Coe-Sullivan, et al, filed 9 Apr. 
2007, International Patent Application No. PCT/US2007/ 
08721, entitled “Methods Of Depositing Nanomaterial & 
Methods Of Making A Device' of Marshall Cox, et al., filed 
9 Apr. 2007, U.S. patent application Ser. No. 1 1/253,612, 
entitled “Method And System For Transferring A Patterned 
Material of Seth Coe-Sullivan, et al., filed 20 Oct. 2005, and 
U.S. patent application Ser. No. 1 1/253,595, entitled “Light 
Emitting Device Including Semiconductor Nanocrystals', of 
Seth Coe-Sullivan, et al., filed 20 Oct. 2005, each of the 
foregoing patent applications being hereby incorporated 
herein by reference. 
Due to the positioning of an optical material comprising 

quantum confined semiconductor nanoparticles in features or 
layers resulting from these deposition techniques, not all of 
the surfaces of the nanoparticles may be available to absorb 
and emit light. 

In certain embodiments, an optical material comprising 
quantum confined semiconductor nanoparticles can be 
deposited on a Surface using contact printing. See, for 
example, A. Kumar and G. Whitesides, Applied Physics Let 
ters, 63, 2002-2004, (1993); and V. Santhanam and R. P. 
Andres, Nano Letters, 4, 41-44, (2004), each of which is 
incorporated by reference in its entirety. 

This technique can be use for depositing various thick 
nesses of optical materials comprising quantum confined 
semiconductor nanoparticles. In certain embodiments the 
thickness is selected to achieve the desired 96 absorption 
thereby. Most preferably, the quantum confined semiconduc 
tor nanoparticles do not absorb any, or absorb only negligible 
amounts of the re-emitted photons. 

In certain embodiments, material (e.g., an optical material) 
is applied to one or more predefined or predetermined regions 
on a Substrate. The predefined region is a region on the Sub 
strate where the material is selectively applied. In certain 
embodiments wherein the optical component includes one or 
more different types of quantum confined semiconductor 
nanoparticles to compensate for more than one spectral defi 
ciency of a light source, different types of quantum confined 
semiconductor nanoparticle can optionally be included in one 
or more different optical materials. In certain embodiments 
wherein the optical component includes one or more different 
types of quantum confined semiconductor nanoparticles to 
compensate for more than one spectral deficiency of a light 
Source, different types of quantum confined semiconductor 
nanoparticle can optionally be included in two or more dif 
ferent optical materials, and each of the different optical 
materials can be applied to different regions of the substrate 
and/or as separate layers over the Substrate. The material and 
Substrate can be chosen Such that the material remains Sub 
stantially entirely within the predetermined area. 
An optical material comprising quantum confined semi 

conductor nanoparticles can alternatively be deposited by 
Solution based processing techniques, phase-separation, spin 
casting, ink-jet printing, silk-screening, and other liquid film 
techniques available for forming patterns on a Surface. 

Alternatively, quantum confined semiconductor nanopar 
ticles can be dispersed in a light-transmissive host material 
(e.g., a polymer, a resin, a silica glass, or a silica gel, etc., 
which is preferably transparent, to at least predetermined 
wavelengths of light and in which quantum confined semi 
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conductor nanoparticles can be dispersed) that is deposited as 
a full or partial layer or in a patterned arrangement by any of 
the above-listed or other known techniques. Suitable materi 
als include many inexpensive and commonly available mate 
rials, such as polystyrene, epoxy, polyimides, and silica glass. 
After application to the Surface, Such material may contain a 
dispersion of quantum confined semiconductor nanoparticles 
where the nanoparticles have been size selected so as to 
produce light of a given color. Other configurations of quan 
tum confined semiconductor nanoparticles disposed in a 
material. Such as, for example, a two-dimensional layer on a 
Substrate with a polymer overcoating are also contemplated. 
As used herein, “top”, “bottom”, “over, and “under are 

relative positional terms, based upon a location from a refer 
ence point. More particularly, “top” means farthest away 
from a reference point, while “bottom' means closest to the 
reference point. Where, e.g., a layer is described as disposed 
or deposited "over a component or substrate, there may be 
other layers or other features or components between the 
layer and component or Substrate. As used herein, "cover is 
also a relative position term, based upon a location from a 
reference point. For example, where a first material is 
described as covering a second material, the first material is 
disposed over, but not necessarily in contact with the second 
material. 
As used herein, the singular forms “a”, “an and “the 

include plural unless the context clearly dictates otherwise. 
Thus, for example, reference to an emissive material includes 
reference to one or more of Such materials. 

Applicants specifically incorporate the entire contents of 
all cited references in this disclosure. Further, when an 
amount, concentration, or other value or parameter is given as 
either a range, preferred range, or a list of upper preferable 
values and lower preferable values, this is to be understood as 
specifically disclosing all ranges formed from any pair of any 
upper range limit or preferred value and any lower range limit 
or preferred value, regardless of whether ranges are sepa 
rately disclosed. Where a range of numerical values is recited 
herein, unless otherwise Stated, the range is intended to 
include the endpoints thereof, and all integers and fractions 
within the range. It is not intended that the scope of the 
invention be limited to the specific values recited when defin 
ing a range. 

Other embodiments of the present invention will be appar 
ent to those skilled in the art from consideration of the present 
specification and practice of the present invention disclosed 
herein. It is intended that the present specification and 
examples be considered as exemplary only with a true scope 
and spirit of the invention being indicated by the following 
claims and equivalents thereof. 
The invention claimed is: 
1. An optical component for altering light emitted by a light 

Source, the optical component comprising a first Substrate, an 
optical material comprising quantum confined semiconduc 
tor nanoparticles disposed over a predetermined region of a 
first Surface of the first Substrate, a layer comprising an adhe 
sive material disposed over the optical material and any por 
tion of the first surface of the first substrate not covered by the 
optical material, and a second Substrate disposed over the 
layer comprising an adhesive material, wherein the first and 
second substrates are sealed together, wherein the first sub 
strate, the adhesive material, and the second substrate are at 
least 90% optically transparent to at least predetermined 
wavelengths of light passing into and out of the optical com 
ponent, and wherein the adhesive material does not yellow or 
discolor during use of the optical component so as to Substan 
tially alter optical properties of the optical component. 
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2. An optical component in accordance with claim 1 

wherein the optical component comprises one or more differ 
ent types of quantum confined semiconductor nanoparticles, 
wherein each different type of quantum confined semicon 
ductor nanoparticles emits light at predetermined wavelength 
that is different from the predetermined wavelength emitted 
by at least one of another type of quantum confined semicon 
ductor nanoparticles included in the optical material. 

3. An optical component in accordance with claim 1 
wherein the optical component includes two or more different 
types of quantum confined semiconductor nanoparticles that 
emit at different predetermined wavelengths, wherein the 
different types of quantum confined semiconductor nanopar 
ticles are included in two or more different optical materials. 

4. An optical component in accordance with claim 1 
wherein quantum confined semiconductor nanoparticles 
comprise semiconductor nanocrystals. 

5. An optical component in accordance with claim 1 
wherein the quantum confined semiconductor nanoparticles 
have a solid state quantum efficiency of at least 40%. 

6. An optical component in accordance with claim 1 
wherein the optical material further comprises a host material 
in which the quantum confined semiconductor nanoparticles 
are distributed. 

7. An optical component in accordance with claim 1 
wherein the optical material further comprises light scatter 
CS. 

8. An optical component in accordance with claim 1 
wherein the optical material is fully encapsulated. 

9. An optical component in accordance with claim 1 
wherein the adhesive material comprises a UV curable acry 
late urethane. 

10. A lighting device comprising a light Source, and an 
optical component that is positioned to receive at least a 
portion of the light generated by the light source, the optical 
component comprising an optical component in accordance 
with claim 1. 

11. A lighting device in accordance with claim 10 wherein 
the light source comprises a solid State semiconductor light 
emitting diode. 

12. An optical component in accordance with claim 1 
wherein the quantum confined semiconductor nanoparticles 
in the optical material have a solid state photoluminescent 
quantum efficiency of at least about 70%. 

13. An optical component in accordance with claim 1 
wherein the quantum confined semiconductor nanoparticles 
in the optical material have a solid state photoluminescent 
quantum efficiency of at least about 80%. 

14. An optical component in accordance with claim 1 
wherein the quantum confined semiconductor nanoparticles 
in the optical material have a solid state photoluminescent 
quantum efficiency of at least about 90%. 

15. An optical component in accordance with claim 1 
wherein the adhesive material has oxygen barrier properties. 

16. An optical component in accordance with claim 1 
wherein the adhesive material has oxygen and moisture bar 
rier properties. 

17. An optical component in accordance with claim 1 
wherein the optical material comprises one or more different 
types of quantum confined semiconductor nanoparticles, 
wherein each different type of quantum confined semicon 
ductor nanoparticles emits light at predetermined wavelength 
that is different from the predetermined wavelength emitted 
by at least one of another type of quantum confined semicon 
ductor nanoparticles included in the optical material. 
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18. An optical component in accordance with claim 1 
wherein the optical material comprises two or more optical 
materials. 

19. An optical component in accordance with claim 18 
wherein the different optical materials are included in the 
optical component as separate layers of a layered arrange 
ment. 

20. An optical component in accordance with claim 1 fur 
ther including a second optical material comprising quantum 
confined semiconductor nanoparticles disposed between the 
layer comprising the adhesive material and the second Sub 
Strate. 

21. An optical component in accordance with claim 1 
wherein the optical component includes an edge seal area 
between the perimeter of the predetermined region compris 
ing the optical material and the edges of the sealed structure, 
wherein the edge seal area includes no optical material. 

22. An optical component in accordance with claim 1 
wherein one or both of the substrate surfaces internal to the 
optical component are Smooth. 

23. An optical component in accordance with claim 1 
wherein the second Substrate includes a second optical mate 
rial comprising quantum confined semiconductor nanopar 
ticles disposed over a second predetermined region of the 
surface thereof facing the first surface of the first substrate. 

24. An optical component in accordance with claim 1 
wherein the optical material comprising quantum confined 
semiconductor nanoparticles is disposed on a predetermined 
region of a first surface of the first substrate, the layer com 
prising the adhesive material is disposed on the optical mate 
rial and any portion of the first surface of the first substrate not 
covered by the optical material, and the second Substrate is 
disposed on the layer comprising an adhesive material. 

25. An optical component in accordance with claim 3 
wherein the different optical materials are included in the 
optical component as separate layers of a layered arrange 
ment. 

26. An optical component in accordance with claim 3 
wherein the different optical materials are included in the 
optical component as separate features of a patterned layer. 
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27. An optical component in accordance with claim 17 

further including a second optical material comprising quan 
tum confined semiconductor nanoparticles disposed between 
the layer comprising the adhesive material and the second 
substrate. 

28. An optical component in accordance with claim 18 
wherein the different optical materials are included in the 
optical component as separate features of a patterned layer. 

29. An optical component in accordance with claim 18 
wherein quantum confined semiconductor nanoparticles 
comprise semiconductor nanocrystals. 

30. An optical component in accordance with claim 20 
wherein the second optical material comprises one or more 
different types of quantum confined semiconductor nanopar 
ticles, wherein each different type of quantum confined semi 
conductor nanoparticles emits light at predetermined wave 
length that is different from the predetermined wavelength 
emitted by at least one of another type of quantum confined 
semiconductor nanoparticles included in the optical material. 

31. An optical component in accordance with claim 20 
wherein the second optical material comprises two or more 
optical materials. 

32. An optical component in accordance with claim 20 
wherein the optical material and second optical material are 
disposed in the same predetermined arrangement and are 
aligned such that the second optical material is Superimposed 
over the optical material. 

33. An optical component in accordance with claim 23 
wherein the optical component includes an edge seal area 
between the outer perimeter of the optical materials included 
in the sealed structure and the edges of the sealed structure, 
wherein the edge seal area includes no optical material. 

34. An optical component in accordance with claim 24 
further including a second optical material comprising quan 
tum confined semiconductor nanoparticles disposed between 
the layer comprising the adhesive material and the second 
substrate. 


